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DEVELOPMENT OF A PNEUMATIC TRANSFER SYSTEM 
FOR HTGR RECYCLE FUEL PARTICLES 

J. E.  Mack and D. R .  Johnson 

ABSTRACT 

I n  suppor t  of t h e  High-Temperature Gas-Cooled Reac tor  
(HTGR) Fuel  R e f a b r i c a t i o n  Development Program, an e x p e r i m e n t a l  
pneumatic t r a n s f e r  system w a s  c o n s t r u c t e d  t o  de te rmine  t h e  
f e a s i b i l i t y  of pneumat ica l ly  conveying pyrocarbon-coated 
f u e l  p a r t i c l e s  of T r i s o  and Biso d e s i g n s .  
w i t h  t h e s e  p a r t i c l e s  i n  each of t h e i r  nonpyrophoric  forms t o  
de te rmine  p r e s s u r e  d r o p s ,  p a r t i c l e  v e l o c i t i e s ,  and g a s  f low 
requi rements  d u r i n g  pneumatic t r a n s f e r  as w e l l  as t o  e v a l u a t e  
p a r t i c l e  wear and breakage.  The r e s u l t s  of t h i s  s t u d y  i n d i c a t e d  
t h a t  t h e  material can b e  pneumat ica l ly  conveyed a t  low p r e s s u r e s  
wi thout  excessive damage t o  t h e  p a r t i c l e s  o r  t h e i r  c o a t i n g s .  

Tests were conducted 

INTRODUCTION 

F a b r i c a t i o n  of HTGR r e c y c l e  f u e l  e lements  must b e  performed i n  a 

remote f a c i l i t y  due t o  t h e  r a d i a t i o n  hazard i n h e r e n t  t o  t h e  r e c y c l e  of 

232U-contaminated 233U. 

d i s t i n c t  advantages over  o t h e r  t y p e s  of material  t r a n s f e r  f o r  remote 

a p p l i c a t i o n s .  The p r o b a b i l i t y  of equipment f a i l u r e  i s  very  low s i n c e  

t h e  t r a n s f e r  "mechanism" i s  compressed air or  a rgon .  The p a r t i c l e s  

are  s imply g r a v i t y  fed  i n t o  the t r a n s f e r  l i n e  by a c t u a t i n g  an a i r  

c y l i n d e r ,  t h u s  e l i m i n a t i n g  complex feed  mechanisms. Opera tor  c o n t r o l  

i s  completely remote,  w i t h  p r e s s u r e  gages ,  l e v e l  and f low m o n i t o r s ,  

and p o s i t i o n  s e n s o r s  p r o v i d i n g  a l l  n e c e s s a r y  feedback .  F l e x i b i l i t y  

i n  t h e  r o u t i n g  of t r a n s f e r  l i n e s  eases r e s t r i c t i o n s  on t h e  l o c a t i o n  

of o t h e r  p i e c e s  of equipment.  During s e v e r a l  s t a g e s  of r e f a b r i c a t i o n ,  

t h e  material i s  pyrophor ic ,  r e q u i r i n g  i n e r t  atmosphere p r o t e c t i o n  t o  

prevent  r a p i d  o x i d a t i o n  and d e g r a d a t i o n .  Conveying i n s i d e  a c losed  

p i p e l i n e  w i t h  a rgon  p e r m i t s  u s  t o  m a i n t a i n  a h i g h - p u r i t y  i n e r t  

atmosphere.  A c l o s e d  system a l s o  e l i m i n a t e s  d u s t i n g  problems and 

Pneumatic conveying p o s s e s s e s  a number of 
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t h e  release of r a d i o a c t i v e  contaminat ion .  To b r i e f l y  d e s c r i b e  HTGR 

f u e l  r e f a b r i c a t i o n , 2  t h e  p r o c e s s  b e g i n s  by l o a d i n g  uranium from a 

u r a n y l  n i t r a t e  s o l u t i o n  o n t o  weak-acid r e s i n  beads  i n  a n  i o n  exchange 

p r o c e s s .  The loaded  r e s i n  i s  t h e n  d r i e d  and carbonized  a t  -800°C t o  

d r i v e  o f f  r e s i n  v o l a t i l e s ,  l e a v i n g  behind UO;! i n  a carbon matrix.  

The p a r t i c l e s  are  t h e n  t r a n s f e r r e d  t o  a second f u r n a c e  where t h e  U 0 2  

i s  p a r t i a l l y  conver ted  t o  UC;! a t  -17OO0C t o  improve t h e  f u e l ' s  

i r r a d i a t i o n  performance. Carbon and S i c  c o a t i n g s  are t h e n  d e p o s i t e d  

on t h e  p a r t i c l e s .  The f u n c t i o n  of t h e  c o a t i n g s  i s  t o  r e t a i n  f i s s i o n  

p r o d u c t s .  

A composi te  x r a d i o g r a p h 4  of t h e  T r i s o 5  d e s i g n  f i s s i l e  p a r t i c l e  

i s  shown i n  F ig .  1. Each c o a t i n g  l a y e r  is  des igned  f o r  a s p e c i f i c  

purpose and must have c e r t a i n  s p e c i f i e d  p r o p e r t i e s .  The innermost  

o r  " b u f f e r "  c o a t i n g  i s  composed of low-densi ty  p y r o l y t i c  carbon.  The 

b u f f e r  p r o v i d e s  v o i d  space  f o r  t h e  accumula t ion  of f i s s i o n  g a s e s  and 

s h i e l d s  t h e  o t h e r  l a y e r s  from r e c o i l i n g  f i s s i o n  fragments .  The n e x t  

l a y e r  is  known as a low-temperature i s o t r o p i c  (LTI )  c o a t i n g .  The carbon 

i s  d e p o s i t e d  a t  low tempera tures  compared w i t h  t h e  tempera tures  of c e r t a i n  

o t h e r  p r o c e s s e s ,  and t h e  carbon must be c r y s t a l l o g r a p h i c a l l y  i s o t r o p i c  

t o  avoid  excessive s h r i n k a g e  d u r i n g  i r r a d i a t i o n .  The L T I  h a s  a h i g h e r  

d e n s i t y  t h a n  t h a t  of t h e  b u f f e r  c o a t i n g ,  and i t  ac ts  as a p r e s s u r e  

vessel t o  r e t a i n  f i s s i o n  g a s e s .  T h i s  i s  t h e  f i n a l  c o a t i n g  f o r  Biso  

d e s i g n  p a r t i c l e s .  The t h i r d  l a y e r  a p p l i e d  t o  t h e  T r i s o  d e s i g n  f i s s i l e  

p a r t i c l e  c o n s i s t s  of h i g h - d e n s i t y  S i c ,  which acts  as a d i f f u s i o n  b a r r i e r  

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

t h e  T r i s o  d e s i g n  i s  an  o u t e r  L T I ,  which enhances bonding w i t h  t h e  

carbonaceous matrix when t h e  p a r t i c l e s  are formed i n t o  r o d s .  The 

nominal c h a r a c t e r i s t i c s  f o r  Biso  and T r i s o  d e s i g n  p a r t i c l e s  are  

p r e s e n t e d  i n  Table  1. F i s s i l e  and f e r t i l e  f u e l  p a r t i c l e s  are blended 

and formed i n t o  f u e l  r o d s  by a m a t r i x - i n t r u s i o n  method. The r o d s  

are t h e n  loaded i n t o  h o l e s  i n  g r a p h i t e  e l e m e n t s ,  which are t h e n  

carbonized  and annea led  a t  1800°C. This  scheme i s  i l l u s t r a t e d  i n  

F ig .  2 .  Approximately 24,000 p a r t i c l e s  are conta ined  i n  e a c h  f u e l  

r o d ;  each of t h e  4000 g r a p h i t e  e lements  i n  a 3700-MW(Th) HTGR c o r e  

would c o n t a i n  1500 f u e l  r o d s .  
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Table  1. Nominal Dimensions and D e n s i t i e s  of t h e  Tr i so-  
and Biso-Coated HTGR Recycle  Fuel  P a r t i c l e s  

Coat ing Coat ing P a r t i c l e  P a r t i c l e  
Thickness  Dens i ty  D i a m e t e r  Dens i ty  

(urn> (g / c m  1 (ud (g/cm3) 

UO2-UC 2 k e r n e l  

Buffer  

I n n e r  L T I  

S i C  

Outer L T I  

Tho2 k e r n e l  

Buffer  

L T I  

F i s s i l e  ( T r i s o )  

50 1.1 

35 1 . 9  

30 3.2 

35 1.9 

F e r t i l e  (Biso) 

85 1.1 

75 1 . 9  

400 

500 

570 

630 

7 00 

500 

670 

820 

3.2 

2.2 

2 . 1  

2.4 

2.3 

10.0 

4.8 

3 . 5  

I n  o r d e r  t o  e n s u r e  s a t i s f a c t o r y  performance of t h e  f u e l ,  a p a r t i c l e  

b a t c h  might be weighed and sampled a f t e r  c a r b o n i z a t i o n  and convers ion  as 

w e l l  as a f t e r  each c o a t i n g  a p p l i c a t i o n .  T h i s  scheme i s  shown i n  F i g .  3. 

I n s i d e  t h e  f u r n a c e ,  t h e  p a r t i c l e s  are conta ined  w i t h i n  a c r u c i b l e ,  

which h a s  a porous bot tom.6 

v i b r a t i n g  s c r e e n ,  which removes s o o t  b a l l s  and carbon f l a k e s  formed 

i n  t h e  f u r n a c e  d u r i n g  t h e  c o a t i n g  o p e r a t i o n .  

c o l l e c t e d  i n  a t r a n s f e r  hopper and pneumat ica l ly  conveyed t o  a c o l l e c t i o n  

hopper a t o p  t h e  weigher and sampler .  A f t e r  t h e s e  o p e r a t i o n s ,  t h e  

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

o r  t r a n s f e r r e d  t o  t h e  f u e l  rod f a b r i c a t i o n  machine a f t e r  t h e  o u t e r  

LTI h a s  been a p p l i e d .  

The p a r t i c l e  b a t c h  i s  poured o n t o  a 

The p a r t i c l e s  are 

A c o n s i d e r a b l e  amount of material  h a n d l i n g  i s  n e c e s s a r y  d u r i n g  

S i n c e  f u e l  material must meet s t r i n g e n t  q u a l i t y  a s s u r a n c e  r e f a b r i c a t i o n .  

s p e c i f i c a t i o n s  b e f o r e  be ing  q u a l i f i e d  f o r  r e a c t o r  u s e ,  t h e  e f f e c t s  of 

material handl ing  must be minimized. One f u e l  parameter  of p a r t i c u l a r  

concern is  t h e  number of d e f e c t i v e  p a r t i c l e s  ( i . e . ,  t h e  f r a c t i o n  of 

p a r t i c l e s  w i t h i n  t h e  b a t c h  having c o a t i n g s  t h a t  are chipped ,  c racked ,  
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Fig .  3 .  Remote Batch Handling Scheme f o r  Converted and Coated Microspheres .  
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o r  permeable t o  f i s s i o n  g a s e s ) .  

f i s s i o n  p r o d u c t s  i n t o  t h e  r e a c t o r ' s  c o o l a n t  stream. I n  o r d e r  t o  

reduce  t h i s  release t o  an a l l o w a b l e  level,  a p a r t i c l e  f a i l u r e  f r a c t i o n  

of less t h a n  

s p e c i f i e d  l i m i t  f o r  t h e  e n t i r e  r e f a b r i c a t i o n  p r o c e s s .  

Defective p a r t i c l e s  would release 

o r  0.1%, h a s  been t e n t a t i v e l y  e s t a b l i s h e d  as t h e  

S i n c e  some breakage w i l l  i n e v i t a b l y  occur  d u r i n g  t h e  v a r i o u s  

p r o c e s s  s t e p s ,  t h e  pneumatic t r a n s f e r  system must b e  designed t o  

minimize i t s  c o n t r i b u t i o n  t o  p a r t i c l e  breakage.  

des ign  of t r a n s f e r  components and n e c e s s i t a t e s  conveying of t h e  

material a t  t h e  lowes t  p o s s i b l e  v e l o c i t i e s .  

i n t o  c o n t a c t  w i t h  t h e  p a r t i c l e s  must b e  f r e e  of l e d g e s  and c r a c k s  

t h a t  could t r a p  o r  damage t h e  p a r t i c l e s  o r  t h e i r  c o a t i n g s .  S i n c e  

p a r t i c l e s  a t  d i f f e r e n t  s t a g e s  of r e f a b r i c a t i o n  w i l l  pass  through t h e  

same equipment,  t h o s e  r e t a i n e d  from one p a s s  may b e  picked up i n  a 

subsequent  p a s s ,  r e s u l t i n g  i n  p a r t i c l e s  d e f i c i e n t  i n  one o r  more 

c o a t i n g s .  These are a l s o  cons idered  d e f e c t i v e  p a r t i c l e s ,  s i n c e  

w i t h o u t  t h e  r e q u i r e d  number of c o a t i n g s  t h e i r  p r o b a b i l i t y  of f a i l u r e  

i n  a r e a c t o r  i n c r e a s e s .  

T h i s  r e q u i r e s  c a r e f u l  

All components coming 

TEST LOOP DESIGN 

To de termine  t h e  f e a s i b i l i t y  of pneumatic conveying f o r  t h i s  

a p p l i c a t i o n ,  a tes t  loop  w a s  des igned  and c o n s t r u c t e d  t o  p r o v i d e  

g e n e r a l  o p e r a t i n g  d a t a  on p a r t i c l e  t r a n s f e r  c h a r a c t e r i s t i c s  as w e l l  

as w e a r  and breakage ,  from which the  behavior  of any system d e s i g n  

c o n f i g u r a t i o n  could b e  p r e d i c t e d .  

Two 30-m (100-f t ) ,  12.6-mm-ID (1/2- in . )  t r a n s f e r  l i n e s  w e r e  

c o n s t r u c t e d ,  one u s i n g  p o l y e t h y l e n e  t o  o b t a i n  v e l o c i t y  d a t a  and t h e  

o t h e r  u s i n g  15.9-mm-OD (5/8-in.)  t y p e  304 s t a i n l e s s  s t e e l  t u b i n g .  

Each l i n e  provided one 4.6-m (15-f t )  and two 9.1-m (30- f t )  h o r i z o n t a l  

r u n s  and a 3.1-m (10- f t )  ver t ica l  rise, i n c o r p o r a t i n g  f i v e  90" bends ,  

as i l l u s t r a t e d  i n  F ig .  4 .  An i n t e r c h a n g e a b l e  90" bend between 

p r e s s u r e  t a p s  8 and 9 p e r m i t t e d  d a t a  a c q u i s i t i o n  f o r  bend r a d i i  of 

0.15 t o  1.8 m (0 .5 -6  f t ) .  The r e c e i v i n g  hopper w a s  l o c a t e d  above 

t h e  t r a n s f e r  hopper ,  and r e c i r c u l a t i o n  of a b a t c h  w a s  accomplished 
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F i g .  4 .  Pneumatic T r a n s f e r  Test Loop f o r  Determina t ion  of System 
Opera t ing  Parameters .  

by g r a v i t y  f e e d  through a d i v e r t e r  valve. Both hoppers  were 127-mm-diam 

(5-in.)  c y l i n d e r s  -0 .46 m (18 i n . )  i n  l e n g t h  w i t h  a 45' funnel-shaped 

o u t l e t .  The c o l l e c t i o n  hopper w a s  f a b r i c a t e d  w i t h  a t a n g e n t i a l  i n l e t  

whose opposing t a p e r s  g u i d e  t h e  p a r t i c l e s  toward t h e  i n n e r  w a l l  of t h e  

hopper by g r a d u a l l y  changing from a c i r c u l a r  t o  a t h i n  r e c t a n g u l a r  

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

The system parameters  monitored were a i r  v e l o c i t y ,  p a r t i c l e  

v e l o c i t y ,  p a r t i c l e  feed  ra tes ,  d e n s i t y  of t h e  a i r - p a r t i c l e  m i x t u r e  

i n  t h e  l i n e ,  and p r e s s u r e  d r o p s  d u r i n g  v e r t i c a l  and h o r i z o n t a l  

conveying.  Ai r f low w a s  measured a t  t h e  exhaus t  p o r t  u s i n g  a 

r o t a m e t e r ,  w h i l e  p a r t i c l e  v e l o c i t i e s  w e r e  c a l c u l a t e d  from d a t a  

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

f a b r i c a t e d  t h a t  clamped o n t o  t h e  t r a n s l u c e n t  p o l y e t h y l e n e  t u b i n g ,  

A h o l d e r  w a s  des igned  and 



9 

p o s i t i o n i n g  t h e  s e n s o r  180' from a s m a l l  l i g h t  source .  

t h e  d e t e c t o r s  w a s  f e d  t o  a r e c o r d e r ,  t h e  v o l t a g e  of t h e  s i g n a l  b e i n g  

p r o p o r t i o n a l  t o  t h e  amount of l i g h t  r e a c h i n g  t h e  d e t e c t o r .  

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

groups of p a r t i c l e s  p a s s i n g  through t h e  l i n e .  Using two d e t e c t o r s  

and a high-speed r e c o r d e r ,  average  p a r t i c l e  v e l o c i t i e s  through any 

segment could b e  c a l c u l a t e d  knowing t h e  d i s t a n c e  between t h e  d e t e c t o r s .  

S i n c e  t h e  p h o t o d e t e c t o r s  could n o t  b e  used d i r e c t l y  on t h e  s t a i n l e s s  

s t ee l  tes t  l o o p ,  152-mm (6-in.)  l e n g t h s  of p o l y e t h y l e n e  t u b i n g  were 

i n s e r t e d  i n  l i n e  w i t h  t h e  s t ee l  t u b i n g ,  one a t  t h e  beginning  and one 

a t  t h e  end of t h e  30-mm (100-f t )  r u n .  T h i s  p e r m i t t e d  u s e  of t h e  

d e t e c t o r s  t o  provide  d a t a  f o r  c a l c u l a t i n g  average  p a r t i c l e  v e l o c i t i e s  

as w e l l  as t h e  d e n s i t i e s  of t h e  a i r - p a r t i c l e  m i x t u r e s  as d i s c u s s e d  i n  

t h e  s e c t i o n  on t r a n s f e r  c h a r a c t e r i s t i c s .  

Output from 

The 

P r e s s u r e  d r o p s  i n  b o t h  systems were measured w i t h  p r e s s u r e  gages 

a t  v a r i o u s  p o i n t s  u s i n g  modif ied t u b i n g  u n i o n s ,  each c o n s i s t i n g  of a 

73-mm (3-in.)  l e n g t h  of copper tub ing  welded i n t o  a 6-mm-diam (1/4- in . )  

h o l e  tapped i n t o  t h e  union .  A p i e c e  of f i n e  w i r e  mesh w a s  p laced  

i n s i d e  t h e  tube  t o  prevent  p a r t i c l e s  from e n t e r i n g ,  and a normally 

c l o s e d ,  q u i c k  d i s c o n n e c t  f i t t i n g  capped t h e  copper t u b i n g ,  t h u s  

p e r m i t t i n g  a number of p r e s s u r e  r e a d i n g s  t o  b e  t a k e n  d u r i n g  each r u n  

u s i n g  a s i n g l e  p r e s s u r e  gage. 

The system w a s  s u p p l i e d  w i t h  a 690-kPa (100-ps i ) ,  6-mm-diam 

(1/4- in . )  compressed a i r  l i n e  r e g u l a t e d  from 0 t o  103  kPa (0-15 p s i ) ,  

which w a s  s u f f i c i e n t  t o  p r o v i d e  a i r f l o w s  up t o  2 . 8  x 

(6 scfm),  cor responding  t o  l i n e a r  a i r f l o w s  up t o  22.8 m / s  (75 f t / s ) ,  

and i n t e r n a l  p r e s s u r e s  up t o  55 kPa ( 8  p s i g )  d u r i n g  t r a n s f e r .  The 

t r a n s f e r  l i n e  w a s  tapped ups t ream from t h e  feed  hopper t o  p r o v i d e  

o v e r p r e s s u r e  i n s i d e  t h e  hopper i n  o r d e r  t o  p r e v e n t  backflow o r  

1 1  p e r c o l a t i n g "  of t h e  a i r  i n t o  t h e  hopper as t h e  p a r t i c l e s  fed  i n t o  

t h e  l i n e .  The p a r t i c l e s  e n t e r e d  t h e  t r a n s f e r  l i n e  through a 9.5-mm-ID 

(3 /8- in . )  tube  t o  a 9.5-mm (3/8- in . )  tee f i t t i n g  chamfered t o  p r o v i d e  

a smooth t r a n s i t i o n  t o  t h e  12.6-mm-ID (1 /2- in . )  t r a n s f e r  l i n e .  This  

c r e a t e d  a v e n t u r i  e f f e c t ,  caus ing  a s l i g h t  i n c r e a s e  i n  t h e  a i r  v e l o c i t y  

m 3 / s  
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and a d e c r e a s e  i n  t h e  p r e s s u r e  i n  t h e  p a r t i c l e  p ickup zone t o  a i d  

p a r t i c l e  f e e d  and e n t r a i n m e n t .  With t h e  p r e s s u r e  e q u a l i z e d ,  t h e  

p a r t i c l e s  e s s e n t i a l l y  g r a v i t y - f e d  o u t  of t h e  c y l i n d r i c a l  hopper when 

a p l u n g e r ,  which had provided a p a r t i c l e  seal  on t h e  f u n n e l  p o r t i o n  

of t h e  hopper ,  w a s  l i f t e d  by a c t u a t i n g  a n  a i r  c y l i n d e r .  A t  t h e  

r e c e i v i n g  end of t h e  t r a n s f e r  l i n e ,  t h e  p a r t i c l e s  were c o l l e c t e d  

t a n g e n t i a l l y  i n  t h e  r e c e i v i n g  hopper t o  minimize breakage .  The 

t r a n s f e r  a i r  w a s  exhaus ted  o u t  t h e  t o p  of t h e  hopper through a f i n e  

mesh s c r e e n  and b e l l  j a r - t y p e  f i l t e r .  

Commercial t u b e  c o u p l i n g s  were bored o u t  t o  permi t  a s i n g l e  tube- 

to- tube i n t e r f a c e .  Chamfering of t h e  t u b i n g  ends t o  p e r m i t  smooth 

p a r t i c l e  f l o w  and t o  minimize breakage w a s  abandoned s i n c e  i t  c r e a t e d  

p a r t i c l e  t r a p s .  

TRANSFER CHARACTERISTICS 

A v a r i e t y  of p a r t i c l e  t y p e s  w a s  t r a n s f e r r e d  t o  p r o v i d e  d a t a  and 

o p e r a t i n g  e x p e r i e n c e  w i t h  p a r t i c l e s  of 500- t o  800-um (0.020- t o  0.032-in.)  

mean d iameter  having  d e n s i t i e s  r a n g i n g  from 1 . 7  t o  4 . 4  g/cm3 (100 t o  

275 l b / f t 3 ) .  

w a s  u t i l i z e d  t o  e v a l u a t e  t h e  re la t ive  e f f e c t s  of t h e s e  p a r t i c l e  

c h a r a c t e r i s t i c s  and o t h e r  system v a r i a b l e s  on t r a n s f e r  b e h a v i o r .  

I n  c o r r e l a t i n g  t h e  d a t a ,  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  

Flow through t h e  t r a n s f e r  l i n e  f o r  each  of t h e s e  p a r t i c l e  t y p e s  

can  b e  d e s c r i b e d  as d i l u t e  phase conveying,  wherein a l l  of t h e  p a r t i c l e s  

remain e n t r a i n e d  i n  t h e  airstream and t h e  d e n s i t y  of t h e  a i r - p a r t i c l e  

m i x t u r e  i n  t h e  l i n e  d u r i n g  t r a n s f e r  i s  f a i r l y  low, on t h e  o r d e r  of 

16  t o  32 kg/m3 (1 t o  2 l b / f t 3 ) .  F i g u r e  5 i l l u s t r a t e s  v a r i a t i o n  i n  

t h e  average  a i r - p a r t i c l e  d e n s i t y  w i t h  a i r  v e l o c i t y .  A s  t h e  v e l o c i t y  

of t h e  conveying a i r  d e c r e a s e s ,  t h e  amount of material i n  t h e  l i n e  a t  

any g iven  t i m e  i n c r e a s e s  u n t i l  s a l t a t i o n  occurs .  A t  s a l t a t i o n ,  t h e  

a i r  v e l o c i t y  i s  i n s u f f i c i e n t  t o  c a r r y  t h e  p a r t i c l e s  a l o n g ,  and t h e y  

become d i s e n t r a i n e d  o r  "sal t  out"  of t h e  airstream, t h u s  f i l l i n g  t h e  

h o r i z o n t a l  s e c t i o n s  and b l o c k i n g  t h e  ver t ica l  s e c t i o n s .  

v e l o c i t y , "  o r  minimum t r a n s f e r  v e l o c i t y ,  i s  h i g h e r  f o r  t h e  more d e n s e  

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

The " s a l t a t i o n  
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AIR VELOCITY (m/sec) 

AIR VELOCITY (ftlsec) 

Fig .  5.  Densi ty  of t h e  A i r - P a r t i c l e  Mixture  vs A i r  V e l o c i t y  f o r  
Pneumatic Conveying i n  12.6-mm-ID (1/2- in . )  S t a i n l e s s  S t e e l  Tubing. 

demand t h e s e  p a r t i c l e s  p l a c e  on t h e  system ( i . e . ,  t h e  h i g h e r  d e n s i t y  

of t h e  a i r - p a r t i c l e  m i x t u r e ) .  

proved s u f f i c i e n t  i n  r e e s t a b l i s h i n g  f low f o l l o w i n g  a s imula ted  l o s s  of 

power shutdown, a l t h o u g h  i t  should be noted t h a t  t h i s  requirement  i s  

dependent on t h e  number and l e n g t h  of ver t ica l  r u n s  i n  a system ( i . e . ,  

on t h e  amount of material " a v a i l a b l e "  f o r  p lugging  a ver t ica l  r i s e ) .  

H o r i z o n t a l  l i n e s  are less prone t o  blockage because as t h e  material 

d i s e n t r a i n s ,  t h e  c r o s s - s e c t i o n a l  area e f f e c t i v e l y  d e c r e a s e s ,  and t h e  

a i r  v e l o c i t y  i s  a r t i f i c i a l l y  i n c r e a s e d ,  r e s u l t i n g  i n  two-phase flow. 

A purge p r e s s u r e  below -103 kPa (15 p s i )  
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Average a i r - p a r t i c l e  d e n s i t i e s  (p) were c a l c u l a t e d  u s i n g  t h e  known 

m a s s  of t h e  b a t c h  (M) and t h e  t i m e  r e q u i r e d  f o r  t r a n s f e r  a c c o r d i n g  t o  

t h e  e q u a t i o n  

where t l / t 2  i s  t h e  r a t i o  of t h e  t i m e  r e q u i r e d  f o r  p a r t i c l e s  t o  t ravel  

between two d e t e c t o r s  (tl) t o  t h e  t o t a l  time r e q u i r e d  f o r  t h e  e n t i r e  

b a t c h  t o  p a s s  t h e  second d e t e c t o r  (62). T h i s  r a t i o  t i m e s  t h e  m a s s  of 

t h e  b a t c h  g i v e s  t h e  average  amount of mater ia l  i n  t h e  l i n e  d u r i n g  

t r a n s f e r .  (The weight  of t h e  a i r  i n  t h e  l i n e  i s  n e g l i g i b l e  and w a s  

n o t  i n c l u d e d . )  The f i n a l  t e r m  ( U )  i s  t h e  volume of t h e  l i n e  between 

t h e  two d e t e c t o r s .  The average  a i r - p a r t i c l e  d e n s i t y  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  feed  rate and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  

v e l o c i t y .  

r e s i d e n c e  t i m e  i n  t h e  l i n e  w i t h o u t  a p p r e c i a b l y  i n c r e a s i n g  t h e  f e e d  

ra te ,  r e s u l t i n g  i n  lower a i r - p a r t i c l e  d e n s i t i e s .  

I n c r e a s i n g  t h e  a i r  v e l o c i t y  d e c r e a s e s  t h e  p a r t i c l e ' s  

F i g u r e  6 i l l u s t r a t e s  p a r t i c l e  s l i p  - t h e  d i f f e r e n c e  between a i r  

v e l o c i t y  and average  p a r t i c l e  v e l o c i t y  - f o r  f o u r  p a r t i c l e  t y p e s .  The 

p a r t i c l e  t y p e s  d e p i c t e d  i n  F i g .  6 are (from top  t o  bottom) t h e  uranium- 

loaded r e s i n ,  Biso-coated loaded r e s i n ,  Sic-coated f i s s i l e  p a r t i c l e s ,  

and Biso-coated t h o r i a  p a r t i c l e s .  The p a r t i c l e s  are moved a l o n g  i n  

t h e  a i r  stream by aerodynamic d r a g  o r  'lair f r i c t i o n . "  The amount of 

s l i p  a p a r t i c l e  e x p e r i e n c e s  is dependent  on t h e  t y p e  of f low and t h e  

s i z e ,  s h a p e ,  t e x t u r e ,  and weight  of t h e  p a r t i c l e ,  as w e l l  as on i n t e r -  

p a r t i c l e  and p a r t i c l e - w a l l  i n t e r a c t i o n s .  Note t h e  i n c r e a s e  i n  p a r t i c l e  

s l i p  as t h e  p a r t i c l e  d e n s i t y  i n c r e a s e s .  The s u r f a c e  area of t h e  p a r t i c l e  

i n c r e a s e s  a t  a rate p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  d i a m e t e r ,  w h i l e  

i t s  volume i s  r e l a t e d  t o  t h e  cube of t h e  d i a m e t e r .  A s  a r e s u l t ,  p a r t i c l e  

mass i n c r e a s e s  a t  a f a s t e r  r a t e  t h a n  t h a t  of t h e  area over  which t h e  

conveying f o r c e  may act .  Consequent ly ,  l a r g e r  p a r t i c l e s  of the  same 

d e n s i t y  e x h i b i t  i n c r e a s e d  p a r t i c l e  s l i p ,  as do h i g h e r  d e n s i t y  p a r t i c l e s  

of t h e  s a m e  s i z e .  P a r t i c l e  v e l o c i t i e s  tend  t o  drop  s h a r p l y  once t h e  

a i r  v e l o c i t y  f a l l s  below 9 .2  m / s  (30 f t / s ) .  S a l t a t i o n  t h e n  o c c u r s  a t  
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Fig .  6 .  E f f e c t  of P a r t i c l e  Dens i ty  on P a r t i c l e  S l i p  During 
Pneumatic T r a n s f e r  of Bare, Biso ,  and Sic-Coated Loaded Resin and Biso 
Thor ia  i n  S t a i n l e s s  S t e e l  Tubing. To c o n v e r t  cfm t o  l i t e r s / s ,  m u l t i p l y  
by 0 . 4 7 2 .  

a i r  v e l o c i t i e s  of 4 . 6  t o  7 . 6  m / s  (15 t o  25 f t / s ) ,  depending on p a r t i c l e  

type .  The a n t i c i p a t e d  o p e r a t i n g  range  i s  3 t o  4 scfm, cor responding  

t o  an  average  a i r  v e l o c i t y  s l i g h t l y  less t h a n  1 4  m / s  ( 4 5  f t / s ) ,  which 

would b e  s u f f i c i e n t  t o  keep each of t h e  p a r t i c l e  t y p e s  e n t r a i n e d .  

Of primary concern i n  pneumatic conveying i s  t h e  p r e s s u r e  

requirement  of t h e  system, n o t  s o  much f r o m  t h e  s t a n d p o i n t  of main- 

t a i n i n g  a p a r t i c u l a r  p r e s s u r e  drop  (P) as m a i n t a i n i n g  an  adequate  a i r  

f low ra te ,  p a r t i c u l a r l y  s i n c e ,  f o r  h o t  c e l l  a p p l i c a t i o n ,  t h i s  system 

would o p e r a t e  from t h e  b u i l d i n g - r e g u l a t e d  argon o r  a i r  supply  r a t h e r  

t h a n  employ blowers .  

e a s i l y  measured. 

ra te  i s  n e c e s s a r y  i n  de te rmining  system demand. 

P r e s s u r e  drops  a long  a l i n e  a re  a d d i t i v e  and 

The t o t a l  p r e s s u r e  drop  t o g e t h e r  w i t h  t h e  a i r  f low 

The l a r g e s t  s i n g l e  p r e s s u r e  drop  i n  t h e  system occurred  a t  t h e  

p o i n t  where t h e  p a r t i c l e s  were f e d  i n t o  t h e  l i n e .  I n  a n  e f f o r t  t o  

p r e d i c t  t h e  behavior  of any g iven  p a r t i c l e  t y p e ,  an  a t t e m p t  w a s  made 
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t o  e m p i r i c a l l y  de te rmine  t h e  a c c e l e r a t i o n  f a c t o r s  f o r  several p a r t i c l e  

t y p e s  a c c o r d i n g  t o  t h e  method i l l u s t r a t e d  i n  F ig .  7 .  T h i s  e q u a t i o n  

i n  F i g .  7 r e p r e s e n t s  t h e  f o r c e  r e q u i r e d  t o  accelerate t h e  p a r t i c l e s  

from rest expressed  as a p r e s s u r e  d i f f e r e n t i a l .  The f i g u r e  a l s o  

i l l u s t r a t e s  t h e  9.5-nun-OD (318-in.)  va lved  o v e r p r e s s u r e  l i n e  t h a t  

b l e e d s  a i r  i n t o  t h e  hopper ,  t h u s  i n c r e a s i n g  t h e  material  f low r a t e  

l i n e a r l y  w i t h  i n c r e a s e d  f low through t h i s  l i n e .  The material f low 

ra te  i n c r e a s e d  15 t o  20% as  f l o w  through t h e  o v e r p r e s s u r e  i i n e  i n c r e a s e d  

from 0 t o  0 .2  scfm. 

7 
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A 
ES 

WHERE: F+= COEFFICIENT OF ACCELERATION 
p =  PARTICLE-AIR DENSITY 
V =  AIR VELOCITY 
g =  GRAVITATIONAL ACCELERATION 

Fig.  7 .  P r e s s u r e  Drop Caused by A c c e l e r a t i o n  of P a r t i c l e s  from R e s t .  

Values  of t h e  c o e f f i c i e n t  of a c c e l e r a t i o n  are  p l o t t e d  i n  F i g .  8 

a g a i n s t  t h e  average  v e l o c i t y  of t h e  conveying a i r .  The o r d e r  and 

shape of t h e  c u r v e s  i n  t h i s  graph are  t h e  r e s u l t  of t h e  l l p  and 1 / V 2  

dependence of F1. A s  shown i n  F i g .  5 ,  t h e  d e n s i t y  of t h e  a i r - p a r t i c l e  

m i x t u r e ,  p, i s  h i g h l y  dependent  on p a r t i c l e  d e n s i t y  and i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  a i r  v e l o c i t y .  These q u a l i t i e s  dominate  t h e  c u r v e s  

i n  F i g .  8. 

t h e  f e e d  zone when used i n  c o n j u n c t i o n  w i t h  F ig .  5 t o  o b t a i n  d e n s i t i e s  

of t h e  a i r - p a r t i c l e  m i x t u r e s .  I n  t h i s  way, p r e s s u r e  d r o p s  can b e  

c a l c u l a t e d  f o r  any v e l o c i t y  of t h e  conveying a i r .  

T h i s  graph i s  u s e f u l  i n  p r e d i c t i n g  p r e s s u r e  d r o p s  a c r o s s  
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Fig. 8. C o e f f i c i e n t  of A c c e l e r a t i o n  as a Funct ion of A i r  V e l o c i t y  
f o r  Several P a r t i c l e  Types i n  12.6-mm-ID (1 /2- in . )  S t a i n l e s s  S t e e l  Tubing. 

I n  a similar manner, d a t a  on p r e s s u r e  d r o p s  i n  h o r i z o n t a l  and 

ve r t i ca l  conveying were obta ined  f o r  s ix  d i f f e r e n t  p a r t i c l e  t y p e s  

ranging  i n  d iameter  from 560 t o  820 u m  w i t h  d e n s i t i e s  of 1 . 7  t o  4 . 4  g/cm3. 

P r e s s u r e  d r o p s  i n  h o r i z o n t a l  conveying were measured a c r o s s  p o i n t s  7 and 

8 i n  F i g .  4 ,  corresponding  t o  the  l a s t  3.7 m ( 1 2  f t )  of a 7.6-m (25-f t )  

run .  Due t o  p r a c t i c a l  l i m i t a t i o n s  on t h e  tes t  loop  d e s i g n ,  t h e  only  

s e c t i o n  s u i t a b l e  f o r  measuring p r e s s u r e  d r o p s  i n  ver t ica l  conveying 

w a s  a c r o s s  p o i n t s  3 and 4 ,  c o n s i s t i n g  of a 0.76-m (2 .5- f t )  upward-only 

ver t ica l  s e c t i o n  bounded by two 2-m ( 4 - f t )  r a d i u s  bends.  

t h e  bends had a l a r g e  ID-to-radius r a t i o  (‘“loo), i t  w a s  f e l t  t h a t  any 

i n f l u e n c e  of t h e  r a d i a l  s e c t i o n s  on conveying would b e  minimal.  

S i n c e  

I n  c o r r e l a t i n g  t h e  d a t a ,  an  a t t e m p t  w a s  made t o  f o r m u l a t e  a 

mathematical  e q u a t i o n  f o r  t h e  p r e s s u r e  drop as a f u n c t i o n  of t h e  mean 

p a r t i c l e  d iameter  and d e n s i t y  and t h e  v e l o c i t y  of t h e  conveying a i r .  
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A computer program' u t i l i z i n g  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  w a s  used t o  

de te rmine  t h e  c o e f f i c i e n t s  i n  t h e  e q u a t i o n  and t h e  c o r r e l a t i o n  c o e f f i c i e n t .  

For t h e  60 d a t a  p o i n t s  on h o r i z o n t a l  pneumatic conveying,  t h e  

p r e s s u r e  drop  over  t h i s  r a n g e  of p a r t i c l e  s i z e s  and d e n s i t i e s  w a s  found 

t o  be b e s t  d e s c r i b e d  by t h e  e q u a t i o n  

M H  = a0 -t- a1V2 + a2d + a3d2 + abPp , 
where 

APH = p r e s s u r e  drop  i n  h o r i z o n t a l  pneumatic conveying through 

12.6-mm-ID ( l / Z - i n . )  s t a i n l e s s  s t ee l  t u b i n g  (kPa/m) , 
a0 = 10.82 ,  

al = 2.78 x 

I/' = v e l o c i t y  of t h e  conveying a i r  (m/s) ,  

a2 = 0.03549, 

d = mean p a r t i c l e  d i a m e t e r  (pm), 

a3 = -26.58 X 

a4 = -3.084, and 

pp = mean p a r t i c l e  d e n s i t y  (g/cm3).  

T h i s  e q u a t i o n  i s  p l o t t e d  i n  F i g s .  A l ,  A2, and A 3  i n  Appendix A ,  

t o g e t h e r  w i t h  t h e  d a t a  p o i n t s  used t o  g e n e r a t e  t h e s e  c u r v e s .  A c o r r e l a t i o n  

c o e f f i c i e n t  of 94% w a s  o b t a i n e d  w i t h  t h i s  e q u a t i o n ,  i n d i c a t i n g  v e r y  good 

agreement w i t h  t h e  exper imenta l  d a t a .  

For t h e  d a t a  on ve r t i ca l  conveying,  t h e  f o l l o w i n g  e q u a t i o n  w a s  

which had a 99% c o r r e l a t i o n  c o e f f i c i e n t :  formula ted  , 

where 

M y  = 

aPv = bo + b 1 V 2  + b2d2 + b3pP , 

p r e s s u r e  d r o p  i n  ve r t i ca l  pneumatic conveying through 

12.6-mm-ID (1 /2- in . )  s t a i n l e s s  s t ee l  t u b i n g  (kPa/m), 

- 0 . 1 0 6 ,  

0.00204, 

average  v e l o c i t y  of t h e  conveying a i r  (m/s) ,  

-0.28 x 

mean p a r t i c l e  d i a m e t e r  (urn), 

0.645, and 

mean p a r t i c l e  d e n s i t y  (g/cm3).  

(3)  
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T h i s  e q u a t i o n  i s  u s e f u l  f o r  p r e d i c t i n g  p r e s s u r e  d r o p s  f o r  any 

material w i t h i n  t h e  d iameter  and d e n s i t y  range  of t h e  t e s t  b a t c h e s .  

R e s u l t s  of observed d a t a  v s  c a l c u l a t e d  c u r v e  are i l l u s t r a t e d  i n  

F i g s .  A4, A5, and A6 i n  Appendix A.  It should b e  noted  t h a t  i n  b o t h  

e q u a t i o n s ,  w i t h  argon as t h e  conveying medium, t h e  a c t u a l  p r e s s u r e  

d r o p s  may b e  s l i g h t l y  h i g h e r  than  t h e  p r e d i c t e d  v a l u e  due t o  t h e  

h i g h e r  molecular  weight  (and d e n s i t y )  of argon.  

PRODUCT INTEGRITY 

A s  p a r t  of t h e  test  loop e v a l u a t i o n ,  a n  a t t e m p t  w a s  made t o  

q u a n t i t a t i v e l y  de te rmine  t h e  d e g r e e  of p a r t i c l e  breakage t h a t  occur red  

d u r i n g  t r a n s f e r .  

of coa ted  p a r t i c l e s  from t h e  f e e d  hopper t o  t h e  c o l l e c t i o n  hopper 

as many as 50 times a t  an  average v e l o c i t y  of 6 t o  7 m / s  (20 t o  23 f t / s ) .  

Samples w e r e  o b t a i n e d  by removing t h e  b a t c h  from t h e  system and r i f f l i n g  

o u t  an approximate 10-g sample. 

v i s u a l  examinat ion of t h e  sample fol lowed by c h l o r i n e  l e a c h  a n a l y s i s g  

o r  mercury i n t r u s i o n ,  depending on p a r t i c l e  type .  For Biso-coated 

p a r t i c l e s ,  t h e  samples were p laced  i n  a c h l o r i n e  g a s  stream f o r  2 h r  

a t  15OOOC. The c h l o r i n e  p e n e t r a t e d  c r a c k s  i n  t h e  c o a t i n g s  and r e a c t e d  

w i t h  t h e  heavy metal i n  t h e  k e r n e l ,  forming a v o l a t i l e  c h l o r i d e ,  which 

w a s  d r i v e n  o f f  and condensed downstream. The d e f e c t i v e  f r a c t i o n  w a s  

t h e n  c a l c u l a t e d  from t h e  amount of heavy metal i n  t h e  condensate  and 

t h e  heavy metal  c o n t e n t  of t h e  sample. Each Sic-coated p a r t i c l e  sample 

w a s  p laced  i n  a mercury pycnometer and p r e s s u r i z e d  t o  103 MPa (15,000 p s i ) ,  

f o r c i n g  mercury through any h a i r l i n e  c r a c k s  i n  t h e  h igh-dens i ty  S i c  

and i n t o  t h e  v o i d s  i n  t h e  porous p y r o l y t i c  carbon c o a t i n g s .  The p a r t i c l e s  

were t h e n  removed from t h e  mercury,  c leaned of s u r f a c e  mercury,  and 

x-radiographed.  Microscopic  examinat ion of t h e  r a d i o g r a p h  s l i d e s  

p e r m i t t e d  o b s e r v a t i o n  of mercury i n s i d e  a d e f e c t i v e  S i c  l a y e r  and t h u s  

allowed t h e  number of p a r t i c l e s  having  cracked S i c  l a y e r s  t o  b e  

determined.  F igure  9 i s  a p o r t i o n  of a rad iograph  s l i d e  showing a 

mercury-intruded Sic-coated p a r t i c l e .  The mercury i n  t h e  d e f e c t i v e  

p a r t i c l e ,  l i k e  t h e  heavy metal k e r n e l ,  p r e v e n t s  t h e  s l i d e  from b e i n g  

The procedure involved  t r a n s f e r r i n g  a 2-kg b a t c h  

D e f e c t i v e  c o a t i n g s  were d e t e c t e d  by 
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darkened by t h e  x r a y s .  

t h e  i n t e r i o r  carbon c o a t i n g  as w e l l  as t h a t  remaining i n  t h e  h a i r l i n e  

c r a c k  around t h e  c i rcumference  of t h e  d e f e c t i v e  p a r t i c l e .  

Note t h e  mercury d e p o s i t e d  i n  t h e  p o r e s  of 

Each of t h e  f a i l u r e  d e t e c t i o n  procedures  i s  t i m e  consuming and 

c o s t l y  t o  perform. A s  a consequence, t h e  number of samples analyzed 

w a s  l i m i t e d  t o  t h o s e  n e c e s s a r y  t o  i n d i c a t e  d a t a  t r e n d s  f o r  several 

d i f f e r e n t  p a r t i c l e  types .  I n  a d d i t i o n  t o  t h e  u n c e r t a i n t i e s  i n  t h e  

d e t e c t i o n  techniques  themselves ,  t h e  r e p e a t a b i l i t y  of t h e  r e s u l t s  w a s  

hampered by t h e  low i n c i d e n c e  (-1 d e f e c t i v e  p a r t i c l e  p e r  L O 4 ) ,  t h e  

small sample s i z e  (10,000 t o  30,000 p a r t i c l e s ) ,  and t h e  r e p r e s e n t a b i l i t y  

of each sample. I n  s p i t e  of t h e s e  drawbacks, t h e  d a t a  w e r e  adequate  

f o r  de te rmining  t r e n d s  i n  c o a t i n g  damage. 

I n i t i a l l y ,  two Biso-coated t h o r i a  batches w e r e  chosen - one 

c o n s i s t i n g  of l a r g e  p a r t i c l e s  w i t h  t h i c k  c o a t i n g s  ( r e f e r e n c e  f e r t i l e  

d e s i g n )  and a r e l a t i v e l y  h i g h  c r u s h i n g  s t r e n g t h ’ ’  and t h e  o t h e r  of 

smaller p a r t i c l e s  w i t h  t h i n n e r  c o a t i n g s  ( r e f e r e n c e  f i s s i l e  d e s i g n )  and 

a low c r u s h i n g  s t r e n g t h .  The r z s u l t s  of c h l o r i n e  l e a c h  a n a l y s e s  are 

p r e s e n t e d  i n  Tables  2 and 3 .  The r e f e r e n c e  f e r t i l e  d e s i g n  p a r t i c l e s  

(A-571)  performed ext remely  w e l l ,  w i t h  no breakage  i n d i c a t e d  u n t i l  

t h e  t e n t h  t r a n s f e r ,  a f t e r  which a f a i l u r e  f r a c t i o n  of 1 x w a s  

d e t e c t e d  based on t h e  average  weight  of thorium p e r  p a r t i c l e .  Perform- 

ance of t h e  f i s s i l e  d e s i g n  b a t c h  w a s  margina l .  T h i s  w a s  perhaps  due 

t o  i t s  u n u s u a l l y  low c r u s h i n g  s t r e n g t h  of 7 . 6  N (1 .7  l b ) .  Values f o r  

c r u s h i n g  s t r e n g t h s  normally r a n g e  from 9 t o  30 N (2-7 lb), and a 

b a t c h  t h i s  weak could n o t  meet f u e l  s p e c i f i c a t i o n s  and would b e  

excluded from f u r t h e r  r e f a b r i c a t i o n .  

Batches of o t h e r  t y p e s  of nonpyrophoric  microspheres  w e r e  

t r a n s f e r r e d ,  i n c l u d i n g  buf fer -coa ted  t h o r i a  and b a r e ,  uranium-loaded 

resin,  w i t h  on ly  m i n i m a l  damage. Damage t o  t h e  bare r e s i n  c o n s i s t e d  

mainly of t h e  b r e a k i n g  o f f  of s m a l l  s a t e l l i t e  s p h e r e s  a d h e r i n g  t o  some 

of t h e  l a r g e r  p a r t i c l e s ,  which were la te r  removed by s c r e e n i n g .  

Improved techniques  f o r  p r e p a r i n g  t h e  r e s i n  have e l i m i n a t e d  these 

sa t e l l i t e s  p r i o r  t o  t h e  uranium l o a d i n g  o p e r a t i o n .  
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Table 2. Characteristics of Particles Used in 
Pneumatic Transfer Tests 

Property 
Batch Batch 
A-571 A-565 

Buffer thickness, pm 85 5 1  

Inner LTI thickness, pm 72 36 

Diameter, pm 812 565 

Density, g/cm3 3.5 4.4 

Crushing strength 
7.6 N 18.2 

lb 4 . 1  1.7 

Table 3 .  Chlorine Leach Analysis of Biso Thoria Samples Taken 
from a 1-kg Batch Pneumatically Transferred Through 30 m of 

12.6-mm-ID Stainless Steel Tubing 

Results for Batch A-571 Results for Batch A-565 
Number 
of Bare Kernels Leached Bare Kernels Leached 

Transfers Visually Kernels Visually Kernels 
Ob served per i o 4  Observed per i o 4  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
20 
25 
30 
35 
40  
45 
50 

0 

0 

0 

0 

0 
0 
0 
0 
1 
1 
5 
0 
1 
1 
1 
3 
0 
0 
4 
7 
1 
6 
2 

0 
0 
0 
4 
3 
6 

16 
3 
7 
10 
11 
28 
26 
56 
64 
82 
87 
228 
100 
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Abras ive  w e a r  on t h e  p a r t i c l e  c o a t i n g s  

t r a n s f e r  through t h e  100-f t  s t a i n l e s s  s t ee l  

material t o  no wear d e t e c t e d  f o r  Sic-coated 

ranged from 0 .4  pm p e r  

l i n e  f o r  buf fer -coa ted  

p a r t i c l e s  a f t e r  50 t r a n s f e r s .  

Some a b r a s i o n  of t h e  system d i d  o c c u r ,  as evidenced by i r o n  contaminat ion  

found i n  samples of a Sic-coated p a r t i c l e  b a t c h .  S l i g h t  p i t t i n g  occurred  

a t  t h e  p o i n t  where p a r t i c l e s  were f e d  i n t o  t h e  l i n e .  

f a i l u r e s  a t t r i b u t a b l e  t o  material  a b r a s i o n  w e r e  exper ienced  over  t h e  

2-year tes t  p e r i o d .  

No component 

APPLICATION TO ENGINEERING-SCALE EQUIPMENT 

This  technology h a s  been a p p l i e d  t o  t h e  d e s i g n ,  c o n s t r u c t i o n ,  

and s u c c e s s f u l  o p e r a t i o n  of a pneumatic conveying system supply ing  

b a r e ,  uranium-loaded r e s i n  t o  a c a r b o n i z a t i o n  f u r n a c e  and t h e n  t r a n s -  

f e r r i n g  t h e  pyrophor ic  carbonized  k e r n e l s  from t h e  f u r n a c e  t o  a g l o v e  

box under i n e r t  atmosphere p r o t e c t i o n .  T h i s  system i s  d e s c r i b e d  i n  

Appendix B.  A second system is  b e i n g  i n s t a l l e d  f o r  i n t e r - l a b o r a t o r y  

t r a n s f e r  of t h e  carbonized  r e s i n  t o  a c o a t i n g  f u r n a c e .  T h i s  w i l l  

i n c l u d e  two 30-m-long h o r i z o n t a l  r u n s ,  a 5-m-long vacuum t r a n s f e r  

r u n ,  and a 30-m-long p a r t i c l e  vacuum t r a n s f e r  l i n e ,  scheduled f o r  

o p e r a t i o n  i n  1978. 

SUMMARY 

A low-pressure ( 0  t o  100 kPa - 0 t o  15 p s i g )  pneumat ic  t ransfer  

system h a s  been developed f o r  conveying HTGR f u e l  microspheres  f o r  

a p p l i c a t i o n  i n  a remote r e f a b r i c a t i o n  f a c i l i t y .  P a r t i c l e s  i n  each of 

t h e i r  nonpyrophoric  s t a g e s ,  r a n g i n g  i n  d iameter  from 500 t o  800 pm 

w i t h  d e n s i t i e s  of 1 . 7  t o  4 .4  g/cm3, were pneumat ica l ly  conveyed i n  

b a t c h e s  of 1 t o  2 kg between s p e c i a l l y  des igned  hoppers  through 30 m 

of 12.6-mm-ID t y p e  304 s t a i n l e s s  s t e e l  t u b i n g ,  a t  a n  average  f e e d  ra te  of 

approximately 1 kg/min. Mininum a i r f l o w  requi rements  were determined 

f o r  each p a r t i c l e  t y p e .  Average p a r t i c l e  v e l o c i t i e s  ranged from 5 t o  

25 m / s  as measured w i t h  p h o t o e l e c t r i c  s e n s o r s ,  w h i l e  a i r f l o w  ranged 
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from 1 t o  3 l i ters ls  (2 t o  6 scfm).  Phenomenological e q u a t i o n s  were 

s u c c e s s f u l l y  developed f o r  p r e s s u r e  l o s s e s  i n  ve r t i ca l  and h o r i z o n t a l  

conveying. Analyses  of samples t a k e n  from b a t c h e s  t r a n s f e r r e d  many t i m e s  

i n d i c a t e d  minimal damage t o  t h e  p a r t i c l e s  and t h e i r  c o a t i n g s .  

Opera t ion  of t h e  e s s e n t i a l  components w a s  demonst ra ted ,  and 

a u x i l i a r y  equipment such as d i v e r t e r  valves,  b i d i r e c t i o n a l  t r a n s f e r  

and c o l l e c t i o n  hoppers ,  p a r t i c l e  l eve l  m o n i t o r s ,  and p a r t i c l e  f l o w  

meters are c u r r e n t l y  b e i n g  developed.  
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PRESSURE DROP VS A I R  VELOCITY I N  HORIZONTAL AND VERTICAL CONVEYING 

The fo l lowing  graphs  were genera ted  from t h e  e q u a t i o n s  f o r  p r e s s u r e  

l o s s e s  i n  v e r t i c a l  and h o r i z o n t a l  pneumatic conveying i n  12.6-mm-ID 

(1/2-in.)  w a l l  s t a i n l e s s  s t ee l  t u b i n g  as d e s c r i b e d  i n  t h e  t e x t .  

e q u a t i o n s  were genera ted  by a m u l t i p l e  r e g r e s s i o n  a n a l y s i s  of over  

50 d a t a  p o i n t s ,  c o r r e l a t i n g  p r e s s u r e  drop p e r  u n i t  l e n g t h  d u r i n g  

conveying w i t h  p a r t i c l e  c h a r a c t e r i s t i c s  such  as mean p a r t i c l e  d i a m e t e r  

and d e n s i t y ,  and t h e  f low ra te  of  t h e  conveying a i r .  

The 

ORNL-DWG 77- 44853RI 
AIR VELOCITY (m/sec) 

AIR VELOCITY ( f t /sec) 

Fig .  A l .  Data and Least Squares  Curve f o r  P r e s s u r e  Drop During 
H o r i z o n t a l  Pneumatic Conveying i n  12.6-mm-ID (1/2- in . )  S t a i n l e s s  Steel  
Tubing . 
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ORNL-DWG 77-4t854R4 

AIR VELOCITY (rn/sec) 

AIR VELOCITY (fl/sec) 

F i g .  A2. Data and L e a s t  Squares  Curve f o r  P r e s s u r e  Drop During 
H o r i z o n t a l  Pneumatic Conveying i n  12.6-mm-ID (1/2- in . )  S t a i n l e s s  S tee l  
Tubing . 

A I R  VELOCITY ( f t lsec)  

F i g .  A3. Data and L e a s t  Squares  Curve f o r  H o r i z o n t a l  Conveying as a 
Funct ion  of A i r  V e l o c i t y ,  P a r t i c l e  Diameter, and P a r t i c l e  Dens i ty  i n  
12.6-mm-ID (1 /2- in . )  S t a i n l e s s  S tee l  Tubing. 
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ORNL-DWG 77-!2083R! 

AIR VELOCITY (m/sec) 

F ig .  A 4 .  Data and Least Squares Curve f o r  P r e s s u r e  Drop During 
Vert ical  Pneumatic Conveying i n  12.6-mm-ID (1/2- in . )  S t a i n l e s s  S t e e l  
Tubing. 

ORNL-DWG 77- f2084RI 

AIR VELOCITY (m/sec) 

AIR VELOCITY (ft/sec) 

Fig .  k5. Data and Least Squares  Curve f o r  P r e s s u r e  Drop During 
Vertical  Pneumatic Conveying i n  12.6-mm-ID (1/2- in . )  S t a i n l e s s  S t e e l  
Tubing . 
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ORNL-DWG 77-42085R14 

AIR VELOCITY (rn/secl 

AIR VELOCITY (ft/sec) 

F i g .  A6.  Data and Least Squares  Curve f o r  P r e s s u r e  Drop During 
Vertical Pneumatic Conveying i n  12.6-m-ID (1/2-in.) Stainless  Steel  
Tubing . 
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RESIN CARBONIZATION FLJRNACE PNEUMATIC TRANSFER SYSTEM 

This  system h a s  been designed t o  convey up t o  8 kg of b a r e ,  

uranium-loaded r e s i n ,  which h a s  a mean d iameter  of -500 pm and a 

p a r t i c l e  d e n s i t y  of 1 . 7  g/cm3. 

l a b o r a t o r y  c o n t a i n e r  i n t o  t h e  24-cm-diam c y l i n d r i c a l  t r a n s f e r  hopper 

shown i n  Fig.  B 1 .  A b a l l  valve above t h e  hopper ,  modif ied t o  e l i m i n a t e  

p a r t i c l e  entrapment ,  i s  c l o s e d  t o  provide  a a i r t i g h t  seal  d u r i n g  

t r a n s f e r .  An a i r  c y l i n d e r - a c t u a t e d  s p h e r i c a l  end p lug  ac ts  as a 

p a r t i c l e  seal  on t h e  f u n n e l  p o r t i o n  of t h e  hopper .  

set  a t  2 l i ters /s  (-4 scfm),  t h e  p lug  i s  l i f t e d  and t h e  p a r t i c l e s  

f low through a 9.5-mm-diam o r i f i c e  i n t o  t h e  t r a n s f e r  l i n e .  A t  t h e  

p o i n t  of e n t r a i n m e n t ,  t h e  bore  of t h e  t r a n s f e r  l i n e  h a s  been reduced 

from 12.6 t o  9.5-mm-diam, t h u s  c r e a t i n g  a s l i g h t  v e n t u r i  e f f e c t ,  

which reduces  t h e  p r e s s u r e  and enhances p a r t i c l e  f e e d .  An over- 

p r e s s u r e  l i n e  i s  f e d  i n t o  t h e  top  of t h e  hopper t o  e q u a l i z e  t h e  

p r e s s u r e  i n s i d e  t h e  hopper w i t h  t h a t  i n s i d e  t h e  l i n e  i n  o r d e r  t o  

prevent  " p e r c o l a t i n g "  of a i r  back  i n t o  t h e  hopper as t h e  p a r t i c l e s  

are f e d  i n t o  t h e  l i n e .  The p a r t i c l e s  t ravel  a t o t a l  of 2.5 m 

h o r i z o n t a l l y  and 3 m v e r t i c a l l y ,  w i t h  a n  e s t i m a t e d  average  v e l o c i t y  

of 9 m / s  and a f e e d  ra te  of approximately 1 kg/min. 

rece ived  t a n g e n t i a l l y  i n  a 24-em-diam c y l i n d r i c a l  c o l l e c t i o n  hopper 

s imi la r  t o  t h e  13-cm-diam hoppers  shown i n  F i g .  B2. The opposing 

t a p e r s  of t h e  e n t r y  t u b e  g u i d e  t h e  p a r t i c l e s  toward t h e  hopper w a l l  

t o  minimize the s e v e r i t y  of p a r t i c l e - w a l l  and p a r t i c l e - p a r t i c l e  

c o l l i s i o n s .  The a i r  i s  exhausted o u t  t h e  t o p  of t h e  hopper through 

a micromesh s c r e e n  t o  a b e l l  j a r - t y p e  f i l t e r  b e f o r e  be ing  exhausted 

t o  t h e  b u i l d i n g  off-gas  system. 

The r e s i n  i s  g r a v i t y  f e d  from t h e  

With t h e  a i r f l o w  

They are 

The p a r t i c l e s  are  g r a v i t y  f e d  i n t o  t h e  f u r n a c e  where t h e y  are  

carbonized  i n  a f l u i d i z e d  bed a t  approximate ly  800°C, d r i v i n g  o f f  

hydrocarbons and l e a v i n g  behind k e r n e l s  c o n s i s t i n g  of U02 i n  a carbon 

m a t r i x  w i t h  a mean d iameter  of 400 u m  and a d e n s i t y  of 3 . 3  g/cm3. 

The nonpyrophoric p a r t i c l e s  are cooled t o  approximately 400°C and 

g r a v i t y  f e d  o u t  of t h e  f u r n a c e  through a remote ly  a c t u a t e d  modif ied 

b a l l  v a l v e  i n t o  a t r a n s f e r  hopper by s h u t t i n g  o f f  t h e  f l u i d i z i n g  g a s .  
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With argon as t h e  conveying medium, t h e  b a t c h  i s  pneumat ica l ly  

t r a n s f e r r e d  t o  a c o l l e c t i o n  hopper above a n  i n e r t  atmosphere g l o v e  

box. The carbonized  r e s i n  i s  t h e n  g r a v i t y  f e d  i n t o  t h e  g l o v e  box,  

where i t  i s  weighed and sampled. 

The c o n t r o l s  f o r  t h i s  system are shown i n  F i g .  B3.  A g r a p h i c  

p a n e l  i s  used t o  d i s p l a y  system s t a t u s .  The o p e r a t o r  i s  r e l i e v e d  

r e p e t i t i v e  valve sequencing o p e r a t i o n s  through t h e  u s e  of a programmable 

l o g i c  c o n t r o l l e r  (PLC). This  d e v i c e  minimizes t h e  p o t e n t i a l  f o r  

o p e r a t o r  e r r o r  by performing r o u t i n g  valve sequences t o  e f f e c t  t r a n s f e r  

as w e l l  as by p r o v i d i n g  i n t e r l o c k s  t o  p r e v e n t  a c c i d e n t a l  s p i l l s  o r  

improper manual sequencing.  Use of t h e  v i d e o  c o n s o l e  shown i n  

Fig.  B 4 .  permi ts  manual o v e r r i d e  c a p a b i l i t i e s  over  PLC programming. 

This  system h a s  been i n  o p e r a t i o n  s i n c e  September 1976. 





Fig. B4. 
Logic Contro l le r .  

Video Console and Input/Output Modules of the Programmable 

38 
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