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IMPROVED GAS DISTRIBUTOR FOR COATING HTGR FUEL PARTICLES 

W. J. Lackey, D. P. S t i n t o n ,  and J. D. Sease 

ABSTRACT 

A new and improved gas  d i s t r i b u t o r  was developed f o r  use i n  
coa t ing  f u e l  p a r t i c l e s  f o r  t h e  HTGR. The coa t ing  gas e n t e r s  t h e  
coa t ing  furnace  through m u l t i p l e  t h i n  r eg ions  of a  porous p l a t e .  
This  more uniformly d i s p e r s e s  t he  gas and l eads  t o  improved coat- 
i n g  p r o p e r t i e s .  High-quality carbon and S i c  coa t ings  .have been 
depos i ted  wi th  t h e  new d i s t r i b u t o r  i n  both 13- and 24-cm-diam 
coat ing  furnaces .  

INTRODUCTION 

Coatings f o r  thorium- and uranium-bearing f u e l  p a r t i c l e s  f o r  High- 

Temperature Gas-Cooled Reactors  c o n s i s t  of chemical ly vapor depos i ted  

carbon and s i l i c o n  carb ide .  The coa t ings  provide  mechanical s t r e n g t h  and 

r e t a i n  f i s s i o n  products .  Two types  of pyrocarbon coa t ings  a r e  used: a  

low-density b u f f e r  and a  h igher  d e n s i t y  low-temperature i s o t r o p i c  (LTI) 

coa t ing .  By vary ing  t h e  type  of hydrocarbon gas ,  d e p o s i t i o n  temperature,  

flow r a t e ,  e t c . ,  carbon coa t ings  can be depos i ted  w i t h  t h e  d e s i r e d  pro- 

p e r t i e s .  S i l i c o n  ca rb ide  coa t ings  a r e  depos i ted  by ehe decomposition 

of CH3C13Si i n  t h e  presence of hydrogen. A l l  t h e  coa t ings  a r e  depos i ted  

i a  a fluidized-bed coaeing furnace .  y 2  

The most important  component' of t he  coa t ing  fu rnace  is  t h e  gas d i s -  

t r i b u t o r ,  which b r i n g s  t h e  coa t ing  gases  i n t o  con tac t  w i t h  t h e  f u e l  

p a r t i c l e s .  The important  c r i t e r i a  t o  be considered i n  des ign  of t h e  

gas d i s t r i b u t o r  a r e :  

1. The d i s t r i b u t o r  should i d e a l l y  d i s p e r s e  t h e  gas  over  t h e  f u l l  

area of t h e  coa t ing  chamber t o  i n c r e a s e  t h e  p a r t i c l e - g a s  ' contac t  a r ea .  



T h i s  i n c r e a s e s  the un i fo rmi ty  of p a r t i c l e  motion and the region  w i t h i n  

which coa t ings  are depos i t ed ;  i t  l i k e w i s e  reduces bubble s i z e  and vio-  

l e n t  p a r t i c l e  su rg ing .  

2. The gas  should  n o t  be exces s ive ly  hea ted  dur ing  i t s  passage 

through t h e  d i s t r i b u t o r .  Otherwise i t  w i l l  p a r t i a l l y  decompose pre- 

mature ly ,  causing excess ive  depos i t i on  w i t h i n  o r  on t h e  d i s t r i b u t o r .  

3.  The d i s t r i b u t o r  should be s u i t a b l y  designed and have s u f f i -  

c i e n t  mechanical i n t e g r i t y  t o  v i r t u a l l y  e l i m i n a t e  l o s s  of p a r t i c l e s  

from t h e  coa t ing  chamber. 

4 .  The d i s t r i b u t o r  should provide  f o r  r a p i d  and r e l i a b l e  d i s -  

charge  of ho t  p a r t i c l e s  from t h e  furnace.  

5. The d i s t r i b u t o r  chould be s imple ,  inexpens ive ,  reliable, and 

e a s i l y  main ta inable .  

6. The d i s t r i b u t o r  should be  capable  of d e p o s i t i n g  bo th  carbon 

and S i c  coa t ings  of h i g h  q u a l i t y  a s  regards  d e n s i t y ,  p r e f e r r e d  o r i en t a -  

t i o n ,  pe rmeab i l i t y ,  f Taction def ecc ive ,  arid I I L L L I I ~ I U U ~  v ther coating 

p r o p e r t i e s .  

The most wide ly  used type  of gas  d i s t r i b u t o r  i s  a  s i n g l e - i n l e t  cone 

o r  some v a r i a t i o n ,  such  a s  a  two-fluid dua l  concen t r i c  i n l e t  cone. Con- 

i c a l  gas  d i s t r i b u t o r s  a s  seen  i n  Fig.  l ( a )  have been under development 

f o r  about  15 years .  T h e  cone s a t i s f i e s  the p rev ious ly  mentioned c r i t e r i a  

w i t h  t h r e e  exceptgons. The f i r s t  is nonuniform d i s t r i b u t i o n  of c o a t i n g  

gas  over  t h e  bed of p a r t i c l e s  which along w i t h  the c o n i c a l  geometry of 

t h e  coa t ing  chamber c a u s e s  agglomeration of g a s  bubbles ,  a  s lugging  bed 

a c t i o n ,  and e x c e s s i v e  throwing of p a r t i c l e s .  Second, p a r t i c l e s  can 

e scape  from t h e  coa t ing  chamber through the gas  i n l e t '  a t  the apex of 

t h e  cone. I f  a mal funct ion  o r  human e r r o r  causes  t h e  gas f low t o  b e  

s i g n i f i c a n t l y  reduced dur ing  coa t ing ,  hea t ing ,  o r  cool ing ,  p a r t i c l e s  

w i l l  drain from t h e  furnace. A b l l i i c l  psot~lern n ~ 1 . w ~  bccauce p a r t i c l e s  

do n o t  always d r a i n  p r o p e r l y  and a s  a  r e s u l t  back up i n s i d e  t h e  cone. 

I f  t h i s  goes unnot iced ,  pyrophoric  m a t e r i a l  may b e  exposed t o  a i r  o r  

remaining p a r t i c l e s  could contaminate the next  coa t ing  run. The work 

a r e a  can a l s o  become contaminated i f  p a r t i c l e s  d r a i n  o r  s p i l l  from the 

cone dur ing  maintenance o r  replacement.  



-POROUS CARBON 
PLATE WITH 8 
BLIND HOLES ON 
2 %-in. BOLT Cl RCLE 
PLUS ONE IN 
CENTER 

+ 
GAS IN 

t 
GAS IN 

CONICAL GAS DlSTRl BUTOR POROUS PLATE GAS DlSTRl BUTOR 

Fig. 1. Gas Dis t r ibutors .  (a) Conical. (b) Blind-hole porous p la te .  

~ a r ~ i e r  gas d i s t r i bu to r s  used multiple i n l e t s  protruding through 

e i t h e r  a porous carbon base o r  through an a r ray  of dense carbon cones, a 

but  both approaches su f f e r  from complexity, l o s s  of p a r t i c l e s  through 

the  multiple i n l e t s ,  o r  va r i a t i on  i n  gas flow from i n l e t  t o  i n l e t .  

Another design uses a uniform thickness of porous carbon a s  t h e  gas 

d i s t r ibu tor .  This works we l l  during the  i n i t i a l  por t ion of t he  run bu t  

soon plugs, beginning a t  the  perimeter, because of i n su f f i c i en t  gas 

ve loc i ty  wi thin  the  porous por t ion of the  d i s t r i b u t o r  allows t he  gas t o  

reach the  decomposition temperature range. A va r i a t i on  of t h i s  gas 

d i s t r i bu to r  has been developed during the  pa s t  four  years a t  Oak Ridge 

National Laboratory. ' To increase  gas veloci ty ,  b l ind  holes  were 

d r i l l e d  i n t o  the  carbon t o  allow most of the  gas t o  pass through t he  

thinned regions. This design eliminated plugging but  allowed p a r t i c l e s  



t o  s t i c k  t o  the porous carbon between the  d r i l l e d  holes. To minimize 

p a r t i c l e  s t ick ing  t o  the  f r i t ,  conical blind holes were d r i l l ed  in to  the 

porous carbon a s  shown i n  Figs. l ( b )  and 2. The high gas velocity through 

the  thinned regions of t h i s  blind-hole f r i t  keeps the entering gas below 

i t s  decomposition temperature. 
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Fig. 2. F r i t  o r  Blind Hole Porous P la te  Gas Distrihutnr.  The porous 
mater ia l  is Grade 25 porous carbon available. from Union Carbide Corporation. 

An advantage of the new f r i t  design is  t h a t  the porous d i s t r ihu tnr  

and not t h e  p a r t i c l e  bed provides most nf the r ~ s i ~ t a n c e  to gas Iluw. 

Therefore, local ized var ia t ions  i n  the quanti ty of pa r t i c l e s  above any 

pa r t i cu l a r  gas i n l e t  do not s ign i f ican t ly  a l t e r  the flow r a t e  through 

t h a t  i n l e t .  

One dfsadvantage of the f r i t  i s  i t s  higher fabr ica t ion  cost  compared 

with the simplest conical d i s t r ibu tors .  Both the cone and f r i t  must be 

maintained- af geg .;q-$moqE ,$very coating run because of deposits on the 
4 L 

, \ & '  ' ' 1  

b-p-Mlm m - # ~ - + ~ r - A i  



wall  of the  cone and the top of the  f r i t .  However, gas d i s t r i bu to r  costs 

a r e  not l a rge  when compared with the t o t a l  cost  of f u e l  fabr icat ion.  5 

For small orders the cost  of a s ing le  24-cm-diam f r i t  of the  most compli- 

cated design tes ted t o  date is  about $50, including the cost  of materials 

a s  well  as  machining. Conservatively assuming tha t  3 kg of uranium can 

be processed per f r i t ,  we f ind  then t h a t  the f r i t  cost  i s  only about 3% 

of the  t o t a l  cost  involved i n  the  fabr icat ion of f resh  fue l  and about 1% 

of the cost  f o r  fabr icat ion of recycle fuel .  The costs  f o r  conical  dis- 

t r i bu to r s  may be about half  t h a t  of the  f r i t .  However, the f r i t  cost  i s  

not an overriding concern. 

Another po ten t ia l  disadvantage of using the f r i t  is  the addi t ional  

mechanical equipment necessary t o  unload a batch of par t ic les .  Equip- 

ment must be provided to  lower the coating chamber from the furnace and 

unload the pa r t i c l e s  onto a scalping screen, which removes oversize debris 

t h a t  would otherwise i n t e r f e re  with pneumatic p a r t i c l e  t ransfer .  Figure 3 

shows the coating furnace loop required when a f r i t  is used i n  a remote 

f a c i l i t y ,  such a s  a hot  c e l l ,  which i s  required f o r  recycle fue l .  Similar 
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Fig. 3. Remote Coating Furnace Loop. 



o r  perhaps the same equipment would probably be preferred f o r  a f resh  

f u e l  plant .  The majority of equipment (i.e., hoppers, sampler, weigher, 

scalping screen, and t r ans fe r  l ines )  a r e  required f o r  e i t he r  the cone 

o r  the  f r i t .  I f  a cone w e r e  used, one might expect t h a t  the iner t -  

atmosphere enclosure would not be necessary because pyrophoric kernels 

could be drained through the  hole i n  the  cone d i rec t ly  in to  an iner t -  

atmosphere container. However, the bottom of the furnace would l i ke ly  

be opened frequently f o r  cone maintenance o r  replacement, and an iner t -  

atmosphere enclosure around the f l ~ r n a r ~  base might be desired t o  climi- 

na te  leakage of air i n t o  the open furnace. Also an inert-atmosphere 

enclosure might be necessary f o r  off-normal s i tua t ions  where pyrophoric 

mater ia l  f a i l s  t o  completely drain  from the cone. The manipulator and 

elevator  might a l so  be needed f o r  use with a conical d i s t r ibu tor  s ince 

some means is required f o r  handling the cone and ra i s ing  i t  i n t o  the 

furnace. Even with any added complexity of unloading pa r t i c l e s  when the 

f r i t  is used, we bel ieve t h a t  the f r i t  system i s  mechanically more re- 

l i a b l e  and provides b e t t e r  mater ia l  accountabil i ty than the system used 

with a cone. Since we  w i l l  show t h a t  the coatings deposited with the 

f r i t  a r e  superior t o  those abtained when a rnne i s  used, the f r i t  is 

thus preferred over the  cone from both the operational and product 

quallLy viewpoints, 

RESULTS 

During the last four  years,  the cone and f r i t  have been extensively 

compared. The f i r s t  comparison was the mechanical equipment needed f o r  

the cone and f o r  the f r i t ,  which has already been discussed. The re- 

maining comparisons involve proper t ies  of coatings applied with a 13- 

cm-diam cone or  a 13-em-diam f r i t .  Recent  result^ nhtaincd with a 24- 

cm-diam f r i t  a r e  a l so  presented. Properties t h a t  have been studied a r e  

p a r t i c l e  spher ic i ty ,  LTI coating anisotropy, defective coatings, whole- 

p a r t i c l e  crushing s t rength,  coating efficiency, p a r t i c l e  l o s s  during 

coating, standard deviation of coating thickness, and microstructure. 



Par t i c l e  Shape 

Coated pa r t i c l e s  idea l ly  should be nearly spher ical  t o  perform prop- 

e r ly  during i r rad ia t ion .  Pa r t i c l e s  become faceted during coating be- 

cause carbon is deposited unevenly around the pa r t i c l e .  A n  index 

termed "shape ra t io"  has been developed t o  measure the spher ic i ty  of 

coated par t ic les .6  The shape r a t i o  is  obtained f o r  each p a r t i c l e  by 

dividing the coating thickness on one s ide  of a p a r t i c l e  by the thick- 

ness on the opposite s ide.  The p a r t i c l e  shape f o r  a batch is charac- 

ter ized by averaging 50 individual r a t i o s .  Figure 4 shows how the 

appearance of pa r t i c l e s  changes f o r  shape r a t i o s  from 1.05 t o  1.21. 

A s t a t i s t i c a l l y  designed experiment was conducted t o  determine how 

p a r t i c l e  shape was influenced by the major process variables and by the 

type of gas d i s t r i bu to r  used. Forty-five coating runs were conducted 

with a 13-cm-diam coating furnace with a 30'-single-inlet conical gas 

d i s t r ibu tor .  Eight addi t ional  coating runs were made with various 

designs of the  porous p l a t e  gas d i s t r ibu tor .  I n  each case the  product 

was Biso-coated ThOn. This experiment6 showed t h a t  shape r a t i o  was a 

function of coating r a t e  and temperature, a s  seen i n  Fig. 5. The 

curves were f i t  by a multiple regression analysis  of the  45 coating runs 

made with the cone. The shape r a t i o s  of coating runs made with the f r i t  

a t  1375OC a r e  a l so  shown on t h i s  graph, and these data points should be  

compared with the curve labeled 137S°C. The f r i t  produced coatings with 

shape r a t i o s  lower than any of the s imilar  runs using the conical gas 

dis t r ibutor .  The shape r a t i o  ranged from 1.06 t o  1.09 f o r  the  porous 

p l a t e  runs compared with 1.13 t o  1.16 f o r  the  s imilar  conical runs. The 

95% confidence in te rva ls  fo r  the  mean shape r a t i o  f o r  pa r t i c l e s  coated 

by use of the porous p l a t e  and the cone do not overlap. Similar r e s u l t s  

were obtained fo r  Triso-coated f i s s i l e  par t ic les .  7 

LTI Anisotropy 

During i r r ad i a t ion  graphi t ic  materials undergo considerable aniso- 

t ropic  dimensional changes. They expand i n  the  c di rec t ion  and contract  



1.054 1.096 

- 
1.141 1.154 1.176 

F i g .  4 .  Camparison of ;TI Shape Ratio w i t h  Macrographs or niso-Coazed 

1.269 

Particles. 
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Fig.  5. Inf luence  of Coating Rate,  Temperature, and Gas Di s t r ibu -  
t o r  Type on LTI Face t ing .  The curves a r e  from a mul t ip l e  r eg re s s ion  
a n a l y s i s  of 45 coa t ing  runs made w i t h  a  c o n i c a l  gas d i s t r i b u t o r .  The 
d a t a  p o i n t s  a r e  f o r  runs made a t  1375°C wi th  s e v e r a l  bl ind-hole f r i t  
designs.  

i n  t h e  or thoganal  d i r e c t i o n s .  The LTI l a y e r s  of coated f u e l  p a r t i c l e s  

must be  q u i t e  i s o t r o p i c  t o  avoid t h e  gene ra t ion  of h igh  s t r e s s e s  dur ing  

i tradi .at ion.  

P a r t i c l e s  from the  experiment on LTI f a c e t i n g  descr ibed  above w e r e  

a l s o  used t o  examine the  e f f e c t  t h a t  coa t ing  v a r i a b l e s  and gas d i s t r i -  

bu to r  type  have on t h e  an i so t ropy  of LTI coa t ings .  The Bacon an iso t ropy  

f a c t o r  a s  determined o p t i c a l l y  (BAF ) was measured by General Atomic 
0 

Company f o r  a l l  t h e  coa t ings .  The BAF depended on t h e  coa t ing  r a t e ,  
0 

i n  agreement wi.th o t h e r  i n v e s t i g a t i o n s .  ' Anisotropy va lues  f o r  coa t ings  

app l i ed  wi th  t h e  cone and f r i t  a r e  shown i n  Fig.  6 .  The BAFo va lues  of 

a l l  t h e  coa t ings  appl ied  w i t h  t h e  f r i t  a r e  lower than any va lues  f o r  

coa t ings  app l i ed  wi th  t h e  cone. The an i so t ropy  d i f f e r e n c e  i s  more 

s t r i k i n g  i f  one compares coa t ings  depos i ted  a t  t h e  same depos i t i on  
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Fig .  6. In f luence  of Coating Rate on BAFu f o r  LTI Coatrings Degos- 
i t e d  wi th  a  13-cm-diam Cone o r  F r i t .  

t empera ture  and r a t e .  The curves of Fig.  7 were found by a mul t ip l e  

r e g r e s s i o n  a n a l y s i s  f o r  t h e  45 coa t ing  runs  made wi th  t h e  cone. The 

l i n e s  of Fig.  7 show t h a t  a  l a r g e  amount of t h e  s c a t t e r  i n  t h e  d a t a  of 

F ig .  6 f o r  t h e  cone runs  i s  accounted f o r  by t h e  e f f e c t  of depos i t i on  

tempera ture .  The d e p o s i t i o n  temperature e f f e c t  was shown t o  be s t a t i s -  

t i c a l l y  s i g n i f i c a n t  a t  t h e  99% confidence l e v e l .  The p o i n t s  i n  F ig .  7 

a r e  f o r  coa t ings  depos i t ed  a t  1 3 7 5 ~ ~  by use of t he  f r i t .  Comparison of 

t h e s e  p o i n t s  w i th  t h e  l ine  'labeled 1.37S°C i n  Fjg. 7 shows that the f r i t  

produces coa t ings  having BAF va lues  about  0.02 t o  0.04 u n i t s  lower than 
0 

c o a t i n g s  s i m i l a r l y  depos i t ed  wi th  a  cone. This  is  p o t e n t i a l l y  a  s i g n i f -  

i c a n t  e f f e c t  when viewed i n  terms of t h e  a b i l i t y  of thk coa t ings  t o  

s u r v i v e  i r r a d i a t i o n  t o  h igh  neut ron  f luences .  The reason  f o r  t h e  lower 

BAF va lues  obta ined  wi th  t h e  f r i t  i s  unknown bu t  may be r e l a t e d  t o  t he  
0 

more uniform d i s t r i b u t i o n  of coa t ing  gas.  
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AVERAGE COATING RATE (prn/rnin) 

Fig.  7. Cor re l a t ion  of BAFo wi th  Coating Rate,  Temperature, and 
Gas D i s t r i b u t o r .  The curves a r e  from 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 
45 coa t ing  runs  made wi th  a  c o n i c a l  gas d i s t r i b u t o r .  The d a t a  p o i n t s  
a r e  f o r  runs  made a t  1375OC wi th  s e v e r a l  bl ind-hole f r i t  des igns .  The 
curves 3nd p o i n t s  a r e  f o r  a  propylene flow r a t e  of 0.17 s t d  l i t e r l s e c .  
(3.6 scfm). 

Perhaps a  more important  f a c t o r  than  t h e  average BAFo va lue  f o r  a  

p a r t i c l e  ba t ch  is  t h e  f r a c t i o n  of t h e  p a r t i c l e s  t h a t  have a  BAFo va lue  

g r e a t e r  than  some c r i t i c a l  va lue  above which an  apprec i ab le  f r a c t i o n  of 

coa t ings  would f a i l  dur ing  i r r a d i a t i o n .  Thus t h e  p a r t i c l e - t o - p a r t i c l e  

v a r i a t i o n  i n  BAF w i t h i n  t h e  ba t ch  as measured by t h e  s tandard  dev ia t ion  
0 

is  important .  P a r t i c l e s  coated i n  a 13-cm-diam cone under t y p i c a l  coat- 

i ng  condi t ions  had a  s tandard  dev ia r ion  of 0.011, wh i l e  p a r t i c l e s  coated 

wi th  a  13- o r  24-cm-diam f r i t  had a  s tandard  d e v i a t i o n  of about  0.004. 

The lower s tandard  d e v i a t i o n  f o r  p a r t i c l e s  coa ted  wi th  t h e  f r i t  impl ies  

g r e a t e r  un i formi ty  of t he  coa t ing  cond i t i ons  from p l a c e  t o  p l a c e  w i t h i n  

t h e  f l u i d i z e d  bed. Also, two f a c t o r s  c o n t r i b u t e  t o  lower s t anda rd  devia- 

t i o n s  f o r  p a r t i c l e s  eoated wi th  t h e  f r i t .  For o given ba t ch  of p a r t i c l e s ,  

t y p i c a l l y  t h e  BAF va lues  f o r  i n d i v i d u a l  p a r t i c l e s  show a  nega t ive  cor- 
0 

r e l a t i o n  w i t h  coa t ing  th i ckness  ( i . e . ,  low BAF va lues  a r e  observed f o r  
0 



p a r t i c l e s  having t h i c k  c o a t i n g s ) .  S i m i l a r l y ,  f o r  a  given p a r t i c l e  t h e  

BAF v a r i e s  from p o i n t  t o  p o i n t  around t h e  p a r t i c l e  depending on t h e  
0 

l o c a l i z e d  va lue  of c o a t i n g  th i ckness  ( i . e . ,  t h i c k  p o r t i o n s  of t h e  coat-  

i n g  t end  t o  have low BAFo va lues  and t h i n  p o r t i o n s  h igh  v a l u e s ) .  The . .  

e f f e c t s  of bo th  t h e  p a r t i c l e - t o - p a r t i c l e  v a r i a t i o n  i n  t h i ckness  and t h e  

w i t h i n - p a r t i c l e  t h i ckness  v a r i a t i o n  c o n t r i b u t e  t o  lower s t anda rd  devia- 

t i o n s  f o r  p a r t i c l e s  coa ted  w i t h  t h e  f r i t  s i n c e  t h e s e  v a r i a t i o n s  i n  th ick-  

nes s  a r e  l e s s  pronounced. 

For 'both t h e  cone and f r i t ,  t h e  within-batch s t anda rd  d e v i a t i o n  of 

BAF i s  c o r r e l a t e d  w i t h  t h e  average BAF f o r  t h e  ba t ch ;  s t anda rd  devia- 
0 0 

t i o n  dec reases  w i t h  dec reas ing  v a l u e s  of mean BAF a s  shown i n  Fig.  8. 
0 , 

Note t h a t  coa t ings  depos i t ed  wi th  t h e  24-cm-diam f r i t  have low va lues  

f o r  bo th  t h e  mean BAFo and t h e  s t anda rd  d e v i a t i o n  of BAFo. 

0053 

OD23 

OD22 

a02 t 

o m 0  

0019 

OOtB 

e O.Ot7 
S 
> QC46 
X 

0015 

3 0014 
z : a013 
"7 

,p 0042 
2 0.Olt 

5 a010 

2 000s 

; o m  

5 m 7  

0.- 

r?m 

o m  
am3 
0 . m  

awl 

?.a, tae 1m 1s toe !.lous t.23 

WFo 
Correlation of BAFo and Standord Deviotion of BAFo 

Fig .  8 .  C o r r e l a t i o n  of BAF and Standard Deviat ion of BAF . Note 
0 t h e  breaks  i n  t h e  s c a l e s .  0 



The importance of t h e  p a r t i c l e - t o - p a r t i c l e  v a r i a t i o n  i n  BAF i s  
0 

shown i n  Fig.  9 .  Here t h e  within-batch d i s t r i b u t i o n  of BAF va lues  is  
0 

given f o r  t y p i c a l  f r i t  and cone batches.  F& t h e  f r i t  ba t ch ,  no te  t h a t  

only 0.6 and 0.01% of t h e  p a r t i c l e s  have BAF va lues  t h a t  exceed 1.04 
0 

and 1.045, r e s p e c t i v e l y .  I n  comparison, about  3% of t h e  p a r t i c l e s  coated 

PERCENT OF PARTICLES HAVING BAFo VALUES 
GREATER M A N  INDICATED VALUE 

Fig. 9.  P a r t i c l e - t o - P a r t i c l e  Var i a t ion  i n  LTI Anisotropy, 

w i th  a cone have BAF va lues  exceeding 1.08. The l i n e  i n  Fig.  9 l a b e l e d  
0 

"hypothe t ica l"  shows the  importance of s tandard  dev ia t ion .  For t h i s  

l i n e ,  t h e  average BAF va lue  i s  low (1.03),  b u t  because of t h e  high 
0 

s tandard  d e v i a t i o n  (0.011) t h e  f r a c t i o n  of p a r t i c l e s  having h igh  BAFo 

va lues  i s  much l a r g e r  than f o r  t h e  p a r t i c l e s  coated w i t h  t h e  f r i t .  

Excessive v a r i a t i o n  of BAF through t h e  coa t ing  w i t h i n  a  given 
0 

p a r t i c l e  could gene ra t e  s t r e s s  w i t h i n  t h e  LTI coa t ing  a s  dimensions 

change dur ing  i r r a d i a t i o n .  The d a t a  of Fig.  10 show t h a t  such v a r i a t i o n  

need no t  be  excess ive .  The f i g u r e  shows t h e  r a d i a l  v a r i a t i o n  i n  BAF 
0 

ac ros s  t h e  LTI coa t ing  f o r  t h r e e  randomly chosen Biso-coated Tho2 p a r t l -  

c l e s .  The coa t ings  had been depos i ted  wi th  a  24-cm-diam f r i t  and a  

cons t an t  f low of d i l u t e d  propylene.  Two opposing e f f e c t s  were l i k e l y  
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RADIAL DISTANCE FROM COATING INNER SURFACE ( p m )  

Fig .  10  Wi th in -Pa r t i c l e  V a r i a t i o n  i n  LTI Anisotropy. 

p r e s e n t :  (1) a tendency f o r  t h e  BAFo t o  i n c r e a s e  wi th  i n c r e a s i n g  thick-  

n e s s  because .of  a decrease  i n  t he  depos i t i on  r a t e  a s  t h e  s u r f a c e  a r e a  

of t h e  p a r t i c l e s  i nc reased  and ( 2 )  a tendency f o r  t h e  bAPo t o  decrease  

w i t h  i n c r e a s i n g  r a d i a l  d i s t a n c e  s i n c e  t h e  coa t ing  furnace  temperature 

dur ing  a l l  b u t  t h e  i n i t i a l  p o r t i o n  of t h e  run  was inc reas ing  wi th  t ime. 

I n i t i a l l y  t he  temperature suddenly dropped because of t h e  cool ing  e f f e c t  

of propylene  decomposition then  g radua l ly  i nc reased  t o  t h e  s e t  p o i n t  a s  

a r e s u l t  of a h ighe r  power i n p u t  t o  t h e  furnace  h e a t e r .  Apparently t he  

two e f f e c t s  nea r ly  cance l l ed  s i n c e  t h e  n e t  r e s u l t  was only a s l i g h t  

dec rease  i n  BAF wi th  l o c a t i o n .  
0 

Defec t ive  Coatings 

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

l each ing  w i t h  gaseous c h l o r i n e  a t  1500°C f o r  2 h r .  A Biso-coated p a r t -  

i c l e  i s  s a i d  t o  be d e f e c t i v e  i f  the LTI l a y e r  is  e i t h e r  cracked o r  perme- 

a b l e .  I n  a prev ious  s tudy  l o  with  Biso-coated Thoz, t h e  f r a c t i o n  defec- 

t i v e ,  a s  shown i n  Fig.  11, depended on LTI th i ckness ,  coa t ing  gas d i l u -  

t i o n ,  and whether t h e  p a r t i c l e s  were annealed o r  n o t .  Each l i n e  i s  a 
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Fig .  11. E f f e c t  of Coating Thickness and In-Place Annealing on As-  
Coated Defec t ive  P a r t i c l e  F r a c t i o n  f o r  Biso-Coated ThO2. 

least squares  f i t  of 10 t o  50 d i f f e r e n t  coa t ing  runs .  Unannealed coat- 

i ngs  app l i ed  wi th  t h e  cone on to  buffer-coated t h o r i a  y i e l d  h igh  defec- 

t i v e  f r a c t i o n s  because s t r e s s e s  generated dur ing  coa t ing  d e p o s i t i o n  

cause many coa t ings  t o  c rack  when sub jec t ed  t o  a d d i t i o n a l  s t r e s s e s  
1 0  

dur ing  cool ing .  Cracked coa t ings  a r e  e l imina ted  by annea l ing  be fo re  

cool ing  from the  coa t ing  temperature,  and thus  f o r  t he  two l i n e s  i n  t h e  

c e n t e r  of Fig. 11, permeable coa t ings  account f o r  t he  observed d e f e c t i v e  

p a r t i c l e s ;  t h e  s l i g h t l y  h igher  d e f e c t i v e  f r a c t i o n  f o r  t h e  f r i t  i s  t h e  

r e s u l t  of e i t h e r  s c a t t e r  i n  t h e  d a t a  o r  t he  use of h ighe r  depos i t i on  

r a t e s  f o r  t h e  p a r t i c l e s  coated wi th  t h e  f r i t .  

Recent ly unannealed LTI coa t ings  were app l i ed  wi th  t h e  13- and 24- 

cm-diam f r i t s .  The r e s u l t s  i n d i c a t e  t h a t  t h e s e  coa t ings  do no t  c rack  

on cool ing ,  con t r a ry  t o  r e s u l t s  ob ta ined  wi th  t h e  13-cm-diam cone. This 



i n d i c a t e s  t h a t  t h e  f r i t  produces coa t ings  w i t h  lower s t r e s s e s  than  t h e  

cone, perhaps because more uniform depos i t i on  c o n d i t i 0 . n ~  y i e l d  l e s s  ra -  

d i a l  v a r i a t i o n  i n  t h e  p r o p e r t i e s  of  t h e  coa t ing .  

The f r a c t i o n  of S i c  coa t ings  t h a t  a r e  cracked i s  of g r e a t  importance 

a s  r ega rds  f i s s i o n  p roduc t  r e l e a s e  from f i s s i l e  f u e l  p a r t i c l e s .  An ex- 

t e n s i v e  amount of d a t a  shows t h a t  t h e  S i c  d e f e c t i v e  f r a c t i o n  i s  l e s s  than 

t h e  t a r g e t  v a l u e  of 1 x f o r  coa t ings  depos i ted  w i t h  a 13-cm-diam 

f r i t .  Limited comparisons i n d i c a t e  t h a t  t h e  d e f e c t i v e  f r a c t i o n  i s  l e s s  

than t h a t  o b t a i n a b l e  w i t h  a  cone. The d e f e c t i v e  f r a c t i o n  f o r  t h e  one 

Sic r u n  made w i t h  a 24-cm-diam f r i t  was 3 X lo-'. 

P a r t i c l e  Crushing St rength  

Whole-part ic le  c rush ing  s t r e n g t h  has  been s t u d i e d  f o r  Biso and Tr i so  

c o a t i n g s  depos i ted  w i t h  e i t h e r  t h e  cone o r  t h e  f r i t . l l  Typ ica l ly ,  gas  

d i s t r i b u t o r  t ype  does n o t  s i g n i f i c a n t l y  i n f luence  c rushing  s t r e n g t h  of 

Biso-coated p a r t i c l e s .  Triso-coated p a r t i c l e s  annealed a t  t he  cond i t i ons  

used f o r  f u e l  rod annea l ing  ( i  :e. , 1800°C f o r  30 min) have h igher  crush- 

i n g  s t r e n g t h s  when coa ted  wi th  t h e  f r i t  r a t h e r  than t h e  cone." 

E f f i c i ency  

Cua.tlng e f f i c i e n c y  ( f . e . ,  t h e  pe rcen t  of t h e  i n p u t  carbon t h a t  ends 

up a s  coa t ing  on t h e  p a r t i c l e s )  i s  of i n t e r e s t .  Low e f f i c i e n c y  compli- 

c a t e s  furnace  e f f l u e n t  handl ing ,  was tes  coa t ing  gas, and i n c r e a s e s  t h e  

r u n  time; Coating e f f i c i e n c y  depends on coa t ing  cond i t i ons  b u t  i s  con- 

s i s t e n t l y  h ighe r  f o r  t h e  f r i t  than  t h e  cone. The hi.gh.er e f f i c i e n c y  i s  

l i k e l y  t h e  r e s u l t  of improved gas-sol id  con tac t .  During b u f f e r  coa t ing  

t h e  e f f i c i e n c y  i s  t y p i c a l l y  60% f o r  t h e  f r i t  and about  50% f o r  t h e  cone. 

The e f f i c i e n c y  i s  a l s o  h i g h e r  w i th  t h e  f r i t  f o r  t h e  LTI coa t ing  process ,  

a s  shown i n  F ig .  12. I n  t h i s  comparison, t h e  coa t ing  condi t ions  were 

cons t an t  and only  t h e  d u r a t i o n  of t h e  run  was v a r i e d .  

Very h igh  coa t ing  e f f i c i e n c i e s  were obta ined  wi th  t h e  24-cm-diam 

f r i t .  Typ ica l ly ,  t he  b u f f e r  and LTI coa t ing  e f f i c i e n c i e s  were 70 and 

50-65%, r e s p e c t i v e l y .  
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COATING TIME (rnin) 

Fig.  12. Comparison of Cone and F r i t  Coating Ef f i c i ency  f o r  t h e  
LTI Coating Process  i n  a  13-cm-diam Furnace. 

Kernels  Recovered 

The number of p a r t i c l e s  " l o s t "  dur ing  coa t ing  by carry-over i n t o  

t h e  gas exhaust  system o r  s t i c k i n g  t o  furnace  components must be kep t  

t o  a  minimum. The l o s s  depends on furnace  h e i g h t ,  gas flow r a t e ,  quan- 

t i t y  of p a r t i c l e s  being coated,  e t c .  Accurate measurements a r e  d i f f i -  

c u l t  t o  make, b u t  a  l a r g e  amount of  d a t a  i n d i c a t e s  t h e  l o s s  f o r  t h e  

cone and f r i t  i n  our  13-cm-diam furnace  t o  be  l e s s  than 1%. There is 

an  i n d i c a t i o n  t h a t  t h e  t o t a l  l o s s  i s  l e s s  f o r  t h e  f r i t .  This  i s  t o  b e  

expected s i n c e ,  a l though more p a r t i c l e s  adhere t o  t he  f r i t  than  t o  t h e  

cone, t he  uniform d i spe r s ion  of gas obta ined  wi th  the  f r i t  r e s u l t s  i n  

l e s s  v i o l e n t  e rup t ions  of t h e  p a r t i c l e  bed. Observat ions of h o t  f l u i d -  

fzed  beds show l e s s  throwing of p a r t i c l e s  w i th  t h e  f r i t .  



Coating Thickness Standard Deviat ion 

Within-batch p a r t i c l e - t o - p a r t i c l e  v a r i a t i o n  i n  coa t ing  th i ckness  

i s  impor tan t  s i n c e  p a r t i c l e s  having a  coa t ing  l a y e r  t h inne r  than  some 

c r i t i c a l  va lue  a r e  more l i k e l y  t o  f a i l  dur ing  i r r a d i a t i o n .  For t h e  

b u f f e r  coa t ing  p roces s ,  t h e  coa t ing  th i ckness  v a r i a t i o n  i s  p r a c t i c a l l y  
.- 

- t h e  same f o r  t h e  cone and f r i t .  For t h e  LTI coa t ing  process  l e s s  v a r i a -  

t i o n  i n  coa t ing  th i ckness  i s  observed f o r  p a r t i c l e s  coated wi th  t h e  f r i t .  

Thickness  s t anda rd  d e v i a t i o n  va lues  depend on a  number of process  and 

p a r t i c l e  des ign  v a r i a b l e s ,  b u t  t y p i c a l  va lues  f o r  t h e  r e l a t i v e  s tandard  

d e v i a t i o n  f o r  L T I  t h i ckness  f o r  p a r t i c l e s  coated i n  a 13-cm-diam fu r -  

nace  a r e  9% f o r  t h e  cone and 7% f o r  t h e  f r i t .  

Mic ros t ruc tu re  

The LTI coa t ings  depos i ted  wi th  a  f r i t  have a  more uniform micro- 

s t r u c t u r a l  appearance than  coa t ings  depos i ted  wi th  a  cone, a s  i s  ev iden t  

i n  F igs .  13 and 14. When a  pol i shed  s u r f a c e  i s  viewed wi th  b r i g h t - f i e l d  

i l l u m i n a t i o n  a t  100 t o  500x f r i t - d e p o s i t e d  coa t ings  show no t i ceab ly  l e s s  

tendency f o r  po res  o r  s o o t  i n c l u s i o n s  t o  p r e f e r e n t i a l l y  a l i g n  t o  y i e l d  

a n  onion-peel s t r u c t u r e .  This  should r e s u l t  i n  l e s s  tendency f o r  coat- 

i n g s  depos i t ed  w i t h  t h e  f r i t  t o  delaminate  and f a i l  a s  a  r e s u l t  of 

i r r ad i a t ion - induced  dimensional  changes. The more uniform s t r u c t u r e  

ob ta ined  wi th  t h e  f r i t  i s  l i k e l y  t h e  r e s u l t  of more uniform depos i t i on  

cond i t i ons .  

Scale-Up t o  Commercial Furnace S ize  

Coating fu rnaces  f o r  commercial ope ra t ions  a r e  expected t o  be about 

24-cn~ 111 d1uultrLtlr. A1L11uug11 a laige aruUurrL uf S a ~ a  showed the fri t t y p ~  

of gas  d i s t r i b u t o r  t o  be p r e f e r a b l e  f o r  13-cm-diam f u r n a c e s , . i t  was n o t  

known whether t h e  f r i t  could be  s u c c e s s f u l l y  s c a l e d  t o  24-cm-diam. The 

porous carbon p o r t i o n  of t h e  gas  d i s t r i b u t o r  i s  n o t  s t r o n g  and thus  

l a r g e  f r i t s  might no t  wi ths tand  t h e  load of p a r t i c l e s  above them o r  t h e  

f o r c e  exe r t ed  by t h e  c o a t i n g  gas supply below them. To answer t h e  sca l e -  

up ques t ion ,  f o u r  f r i t  des igns  were r e c e n t l y  t e s t e d  i n  a 24-cm-diam 
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Fig. 13. Comparison of the Microstructure of Coatings Deposited with (a) Cone and (b) 
Frit. In both cases the particles are of the Triso-coated f i s s i l e  type. 
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Fig.  14. Biso-Coated Thol Prepared with the 24-cm-diam Frit having 25 Holes. (a) LTI 
deposited from C 3 H 6 .  (b) LTI deposited from mixture of C2H2 ~ n d  C 3 H 6 .  The striations i n  the 
buffer layer should be innored because of excessive cycling of the acetylene flow rate. 



coating furnace. These were: 

1. 24-cm-diam f r i t ,  25 b l i nd  holes,  as shown i n  Fig. 15; 

2. 24-cm-diam f r i t ,  13  b l ind  holes; 

3. 24-cm-diam f r i t ,  9 b l ind  holes;  and 

4. 13-cm-diam f r i t ,  9 b l ind  holes,  located a t  the  lower end of a cone, 

which f l a r ed  t o  24-cm i n  diameter. 

Eight Biso coating runs and one SIC run were :onducted. Designs 1 

through 3 each performed very s a t i s f a c t o r i l y ,  with perhaps design 1 being 

s l i g h t l y  preferable.  Type 4 was unsat is factory;  p a r t i c l e  bed movement 

w a s  more t yp i ca l  of t h a t  of a cone i n  t ha t  it tended toward slugging 

ra ther  than uniform f lu id iza t ion ,  and carbon coating e f f i c i enc i e s  and 

coating proper t ies  were i n f e r i o r  t o  those obtained with the  other  three  

designs. A l l  character izat ion data  f o r  t he  be s t  Biso-coated p a r t i c l e  

batch ind ica te  t ha t  t he  p a r t i c l e s  should have good i r r a d i a t i o n  perfor- 

mance. For t h i s  batch, t he  BAFo averaged 1.033, and the  defect ive  

f r ac t i on  was 2 x loe5, a s  determined by the  chlor ine  leach test. The 

defect ive  f r ac t i on  f o r  the  Sic-coated p a r t i c l e s  w a s  3 x and t he  

S i c  density was  3.206 g/cm3 ; both valucs being very acceptable. A l l  

indicat ions  were t h a t  scale-up was feas ib le .  

CONCLUSIONS 

A comparison of equipment, process responses, and product qua l i t y  

showed t h a t  a new multiple-inlet  porous-plate gas d i s t r i bu to r  is  pre- 

fe r red  over conical  gas d i s t r i bu to r s  f o r  coating of HTGR f u e l  pa r t i c l e s .  

P r inc ipa l  advantages of the  porous p l a t e  d i s t r i b u t o r  a r e  s impl ic i ty ,  

high assurance t ha t  p a r t i c l e s  w i l l  no t  d ra in  from the  coater  during 

upset condit ions,  improved material accountabl i l ty ,  and more uniform 

gas d i s t r i bu t i on ,  which leads  t o  super ior  coating proper t ies .  Proper t ies  

t h a t  a r e  improved a r e  p a r t i c l e  spher ic i ty ,  LTI isotropy,  LTI thickness 

standard deviation,  LTI microstructure,  and LTI and S i c  defect ive  f rac t ion .  

The new d i s t r i bu to r  appears idea l ly  su i t ed  f o r  scale-UP t o  commercial- 

s i z e  coating furnaces. 



Fig ,  15. Porous-Plate Gas Distributor, 2li-&-diam with 25 Blind Holes. 
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