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ABSTRACT

In  a  f lu id iz e d  g ra p h ite  n u c le a r  r e a c to r  co n cep t, a  bed o f 

g ra p h ite  p a r t i c l e s ,  f lu id iz e d  by  an upward flow  o f  he lium , cou ld  a c t  

as  th e  m oderator and c o o la n t f o r  a  r e a c to r  core  o f s o l id  f u e l  e l e ­

ments o

This th e s i s  in v e s t ig a te d  some im p o rtan t p h y s ic a l  c h a r a c te r i s ­

t i c s  o f  such a  f l u i d  bed* The p la t in g  o f  g ra p h ite  on su rfa c e s  w ith in  

th e  system  was m easured u s in g  bed  tem p era tu res  up to  3^0° C05 no s ig ­

n i f i c a n t  p la t in g  was observed,, The p a r t i c l e  s iz e  d i s t r i b u t io n  and 

a t t r i t i o n  were determ ined^ th e  p a r t i c l e  s iz e  d i s t r i b u t io n  rem ained 

c o n s ta n t w ith  in c re a s in g  te m p e ra tu re s ,  and th e  bed a t t r i t i o n  was a l ­

most n o n ex is ten to  The en tra in m en t o f  f in e s  from  th e  bed was o f  con­

s ta n t  s iz e  d i s t r i b u t io n  and was e f f e c t iv e ly  f i l t e r e d  from  th e  helium,. 

A pparatus was assem bled and o p e ra ted  to  produce a  f l u i d  bed  and to  

determ ine th e  f lu i d iz a t io n  param eters  o f  bed h e ig h t- to -d ia m e te r  r a t i o  

gas v e lo c i ty ,  gas d i s t r i b u t io n ,  and bed p a r t i c l e  s iz e  d i s t r i b u t i o n „



CHAPTER 1

INTRODUCTION

1*1 D e sc rip tio n  o f  F lu id iz a t io n

F lu id iz a tio n ^  as  an i n d u s t r i a l  p ro c e ss  o p era tion*  was p ra c ­

t i c e d  in  o re  p ro c e ss in g  a s  e a r ly  a s  th e  s ix te e n th  century*  b u t  s ig n i ­

f i c a n t  i n d u s t r i a l  re c o g n itio n  has come o n ly  in  th e  l a s t  tw enty  y e a r s e 

Chemical en g in ee rin g  has e x p lo ite d  f l u i d i z a t io n  p ro c e sse s  p ro f i ta b ly *  

and now t h i s  phenomenon i s  develop ing  s p e c i f ic  n u c le a r  e n g in ee rin g  

a p p lic a tio n so

To d e fin e  f lu id iz a t io n *  c o n s id e r  a  packed bed  o f  f i n e ly  divid-% 

ed s o l id  m a te r ia ls  A f l u i d  moving upward th rough  th e  bed* a t  low 

s u p e r f i c i a l  v e lo c ity *  flow s th rough  th e  i n t e r s t i c e s  o f  th e  bed* w ith  

th e  s o l id  p a r t i c l e s  rem ain ing  f ix e d  i n  p o s i t io n s  As th e  f l u i d  v e lo c i­

t y  i s  in creased*  th e  bed volume in c re a se so  The f r i c t i o n a l  d rag  

in c re a s e s  u n t i l  i t  becomes h ig h  enough to  su p p o rt each  p a r t i c l e 0 At 

t h i s  po in t*  th e  p re s su re  drop i s  e s s e n t i a l l y  eq u a l to  th e  w eigh t o f  

th e  beds low t h a t  th e  p a r t i c l e s  form ing th e  bed  a re  s e p a ra te d  by ' 

f lu id *  th e  bed i s  unable  to  r e s i s t  a  sh e a rin g  fo rc e  and behaves l i k e  

a  l iq u id s  When a  bed o f s o l id s  e x h ib i ts  t h i s  c h a r a c te r i s t ic *  i t  i s  

term ed f lu id iz e d 0

The f l u i d  bed  has an in te r fa c e *  e x h ib i ts  v is c o s i ty *  and has 

f i lm  c o e f f ic ie n t s  s im i la r  to  th o se  o f  a  l iq u id s  I t  d i f f e r s *  markedly* 

from  a  f l u i d  i n  th a t  th e  gas f lu id iz e d  bed  d e n s i ty  i s  n o t  g r e a t ly  a f ­

f e c te d  by tem p era tu re  betw een the  extrem e l im i t s  o f  th e  gas

1
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co n d en sa tio n  p o in t  and th e  s o l id  v ap o riz in g  p re ssu reo  The p a r t i c l e  

movement w ith in  th e  bed i s  g e n e ra lly  c i r c u la r  i n  a  v e r t i c a l  p la n e ;  

th e  p a r t i c l e s  r i s e  in  th e  c e n te r  and descend n ea r th e  o u te r  edges w ith  

some l a t e r a l  movement th ro u g h o u t <, Some bubbles o f gas adhere  to  th e  

p a r t i c l e s  and c i r c u la t e  i n  th e  same m anner0

1*2 A p p lic a tio n  o f F lu id  Beds to  N uclear Technology

F lu id iz a t io n  has  had im p o rtan t chem ical and p h y s ic a l  a p p lic a ­

t io n s  in  th e  n u c le a r  f u e ls  and power in d u s try *  A lso s e v e ra l  n u c le a r  

r e a c to r  o r  r e a c to r  component concep ts have su g g ested  a p p l ic a t io n s  f o r  

f l u i d i z a t io n  te ch n iq u es  <,

F lu id  beds o f  f u e l  p a r t i c l e s  may be used as  th e  r e a c to r  c o re s 

o r f lu id iz e d  s o l id s  m aybe used  as m o d era to rss c o o la n ts ,  o r  b o th , w ith  

s o l id  co re  elem ents* F lu id iz a t io n  has a ls o  been  su g g es ted  as an e f f i ­

c ie n t  means o f  c o n t r o l l in g  r e a c to r  power l e v e l s ,  e i t h e r  as a  c o n tro l  

ro d  d ev ice  o r by f l u i d  bed -d e n s ity  changes *

In  a  f lu id iz e d  c o re , f u e l  p a r t i c l e s  a re  form ed as s o l id  b a l l s ,  

and th e  f l u i d  m ost f r e q u e n tly  used  i s  w a te r„ S o lid  m oderator s u r -  ' 

rounds th e  upper re g io n  o f th e  c o re , and some power c o n tro l  i s  e x e r­

c is e d  by  v a ry in g  th e  f l u i d  flow  and th u s  bed  d en sity *

A m o d if ic a tio n  o f  th e  f lu id iz e d  co re  concep t co u ld  in v o lv e  a  

m ixing o f  an o th er m oderato r m a te r ia l  w ith  th e  f u e l  s o l id s  to  form a  

homogeneous co re  design* Such co res  would have c o n tro l  ro d s  o f  boron 

o r  cadmium in  th e  b o tto m .o f th e  v e s s e l  as  a  s a f e ty  d ev ice  to  absorb  

n e u tro n s , i f  th e  f l u i d  flow  r a te  were sudden ly  d ecreased  and th e  f u e l  

s e t t l e d  to  th e  bottom  o f  th e  v e sse l*

A d i f f e r e n t  concept,, one u s in g  a  f l u i d  bed  as  a  m oderator and
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c o o la n tj  has many d e s ir a b le  f e a tu re s  = Such a  system  u se s  g ra p h ite  

p a r t i c l e s  and helium  as th e  f l u i d » The co re  i s  formed o f  s o l id  f u e l  

e lem ents p la ce d  w ith in  a  la rg e  bed  o f  f lu id iz e d  g ra p h ite  „ The bed 

a c ts  as  a  m oderator f o r  th e  co re  and i s  th e  h e a t t r a n s f e r  medium from  

th e  f u e l  to  steam  p ip e s  w ith in  th e  f l u i d i z a t io n  v e s s e ls  The bed i s  a  

m oderator and c o n s is ts  o f  o n ly  carbon and he lium 3 th u s s th e  n eu tro n  

economy o f  th e  system  i s  excellen t®  The steam  tubes a re  n o t  in  an a re a  

o f  h igh  n e u tro n  f lu x e s  3 th e r e f o r e 5 th e y  may be f a b r ic a te d  from  m a te r ia ls  

used  in  f o s s i l  f u e l  steam  g e n e ra tin g  system s0

F lu id iz e d  r e a c to r s s i n  common w ith  o th e r  gas coo led  r e a c to r s s 

cou ld  r e s u l t  i n  reduced f u e l  p re p a ra t io n  and f a b r ic a t io n  costs® More­

over,, t h e i r  ex p ec ted  e x c e l le n t  n eu tro n  economy a llow s th e  use o f n a tu r ­

a l  o r  s l i g h t l y  e n ric h ed  fuel® F lu id iz e d  r e a c to r  co n cep ts  would in v o lv e  

la rg e  v e s s e ls  and system s, b u t  th e i r  d e s ig n  i s  b a s i c a l l y  s im p le , w ith  a  

minimum amount o f  moving p a r t s  and c o n tro l  equipment®

B efore a  com plete a n a ly s is  o f  th e  f e a s i b i l i t y  o f  a  f lu id iz e d  

m oderato r n u c le a r  r e a c to r  can be made, s e v e ra l  f a c to r s  must be d e te r ­

mined t h a t  canno t be found i n  th e  l i t e r a t u r e  ® In  th e  case  o f  g ra p h ite  

and helium , t h e . param eters  a f f e c t in g  f lu i d iz a t io n  m ust be in v e s t ig a te d ,  

p a r t i c u l a r ly  in  th e  h igh  tem p era tu re  ranges® Heat t r a n s f e r  r a t e s ,  

e ro s io n  o f  s u r fa c e s , lo s s  o f  p a r t i c l e s  by  en tra in m en t, changes i n  p a r ­

t i c l e  s iz e  and a t t r i t i o n ,  p u r i f i c a t i o n  o f  th e  helium  s tream , and p l a t ­

in g  o f g ra p h ite  on h e a t t r a n s f e r  s u rfa c e s  must a l l  be determ ined  f o r  

th e  c o n d itio n s  o f  a  r e a c to r  system®



CHAPTER 2

STATEMENT OF THE PROBLEM

This in v es  tig a tio B . i s  to  de term ine  seme e s s e n t i a l  in fe rm atiem  

ab o u t th e  gas f l u i d i z a t io n  o f  g ra p h i te ,  a s  i t  m ight he  used  i n  a  nu­

c le a r  re a c to ro  The p la t in g  o u t o f  g ra p h ite  on su rfa c e s  w ith in  th e  

system , p a r t i c l e  s iz e  d i s t r i b u t io n ,  en tra in m en t, and a t t r i t i o n  o f  th e  

bed  a re  to  be determ ined0 The p a r t i c l e s  e n tra in e d  i n  th e  gas w i l l  be 

f i l t e r e d  and o b serv ed 0 This work i s  to  be done over a  range o f  tem­

p e ra tu re s ,  l im ite d  on ly  by th e  c h a r a c te r i s t i c s  o f  th e  equipm ent0

In v o lv ed , f i r s t ,  i s  th e  d e sig n  and c o n s tru c tio n  o f a  c o n ta in ­

ment v e s s e l  and gas system  s u i ta b le  to  o p e ra te  a  f l u i d  bed  and ev a lu ­

a te  c e r t a in  c r i t i c a l  p a ram ete rs  f o r  f l u i d i z a t i o n 0 These pa ram ete rs  

a re  th e  h e ig h t- to -d ia m e te r  r a t i o  o f th e  f l u i d  bed , th e  gas v e lo c i ty ,  

the  gas d i s t r i b u t io n  method, and th e  p a r t i c l e  s iz e  d i s t r i b u t io n  o f  th e  

b ed 0 An in te g r a l  p a r t  o f  t h i s  in v e s t ig a t io n  i s  th e  t e s t i n g  o f th e  ex­

p e rim e n ta l s e tu p , p ro ced u re , and m easuring apparatus@

k



CHAPTER 3

FLUIDIZATION TECHNOLOGY

A disem ssiom  o f  th e  tech n o lo g y  o f f l u i d i z a t i o n •i s  a p p ro p r ia te  

b e fo re  going  in to  th e  p ro c e d u re . o f th e se  experim ents o When th e  s o l id  

p a r t i c l e s  a re  com ple tely  s e p a ra te d  from  each o th e r ,  the  f l u i d i z a t io n  

i s  term ed ‘‘p a r t i c u l a t e  0ti! P a r t i c u la te  f l u i d i z a t io n  i s  no rm ally  

ach ieved  o n ly  when th e  f l u i d  i s  a  liqm ido When a  gas i s  u sed , th e  

s o l id s  a re  p re s e n t  i n  th e  b ed , n o t  a s  in d iv id u a l  u n i t s ,  b u t  a s  aggre­

g a te s  o Thus, g as-ty p e  f l u i d i z a t io n  i s  term ed “A g g reg a tiv e , 11 and no 

mean f r e e  p a r t i c l e  p a th  i s  d is c e r n ib le «. The gas r i s e s  th rough  th e  bed  

as b u b b le s , w ith  some o f  th e  gas c lin g in g  to  th e  p a r t i c l e s ,  o r  ag g re - 

g a te s ,  a s  th e y  c i r c u la te  th rough  th e  bed®

A f l u i d  bed t h a t  has a  d e f in i t e  upper boundary, w ith  th e  s o l ­

id s  moving f r e e ly  w ith in  i t ,  i s  in  a  “d e n s e - p h a s e I f  f l u i d  v e lo c i­

t i e s  a re  in c re a se d  so  t h a t  s o l id s  a re  e n tra in e d  and r i s e  upward 

th ro u g h o u t most o f  th e  b ed , hav ing  mb upper boundary, th e  bed  i s  i n  

th e  “d isp e rse d  su sp en sio n 11 o r  “d i lu te  f lu id iz e d  phase®” I f  th e  p a r t i ­

c le s  a re  e n tra in e d  i n  a  h ig h  v e lo c i ty  g as, one has a  “ g as-su sp en sio n ” 

o r  “s lu r ry o “

“Minimum f lu i d i z a t io n ” i s  t h a t  p o in t  where th e  f l u i d  v e lo c i ty  

i s  s u f f i c i e n t  to  expand th e  bed and a llo w  f r e e  movement o f  p a r tic le s®  

There i s  l i t t l e ,  o r  no, m ixing o f  p a r t i c l e s  u n t i l  f l u i d  v e lo c i t i e s  a re

1® Max Leva, F lu id iz a t io n ,  McGraw-Hill Book Co®, Inc®,
1 9 %  p o  19
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in c re a se d  s l i g h t l y  to  f u r th e r  expand th e  bed and ach ieve  a  " tu rb u le n t  

f lu id iz e d  bed*" This bed  i s  s t i l l  i n  th e  dense-phase  b u t has e x ce l­

l e n t  s o l id s  m ixing and p a r t i c l e .c ir c u la t io n *

"C hanneling" i s  a  c o n d itio n  w ith in  a  bed whereby th e  f l u i d  

p ic k s  o u t a p r e f e r e n t i a l  p a th  th ro u g h  th e  s o l id s ,  le a v in g  th e  p a r t i ­

c le s  o u t o f th e  s tream  a t  r e s t*  This i s  more p re v a le n t  w ith  gas th a n  

l i q u id ,  and beds made up s o le ly  o f  f in e  p a r t i c l e s  a re  more s u s c e p tib le  

to  ch an n e lin g  th a n  beds w ith  a  d i s t r i b u t io n  o f  l a r g e r  p a r t i c le s *

"S lugging" i s  a  c o n d itio n  in  w hich bubbles o f  th e  f l u i d ,  more 

f r e q u e n t ly  gas th a n  l i q u id ,  c o a le sce  to  a  s iz e  approach ing  th e  diame­

t e r  o f  th e  confinem ent v e sse l*  The b u b b les r i s e ,  form ing p i s to n - l ik e  

s lu g s  o f  s o l id s  betw een b u b b le s , which a lso  r i s e  t o  a  c e r t a in  h e ig h t 

and th en  d is in te g ra te *  S lugg ing  in c re a s e s  as  h e ig h t- to -d ia m e te r  r a t i o s  

and f l u i d  v e lo c i t i e s  in c re a se *  E ro sio n  on su rfa c e s  in c r e a s e s ,  and p a r ­

t i c l e  a t t r i t i o n  i s  more n o tic e a b le *  - '

A t t r i t i o n  i s  th e  g rad u a l re d u c tio n  o f  la rg e  p a r t i c l e s  to  

sm a lle r  ones by th e  g rin d in g  a c t io n  o f  th e  bed* C e r ta in  amounts o f  

th e se  f in e s  a re  e n tra in e d  i n  th e  f l u i d  and removed from  th e  b ed , even 

when th e  bed  i s  i n  th e  d en se -p h ase* '

V a ria b le s  a f f e c t in g  f l u i d i z a t io n  a re :  p a r t i c l e  s iz e  d i s t r i b u ­

t i o n ,  f l u i d  flow  r a t e s ,  th e  d i s t r i b u t io n  o f  f l u i d  to  th e  b ed , th e  

h e ig h t- to -d ia m e te r  r a t i o ,  th e  a g i t a t io n  o r  v ib r a t io n  o f  th e  bed , th e  

shape , s i z e ,  and d e n s i ty  o f  th e  s o l id ,  th e  v i s c o s i ty  and d e n s i ty .o f  

th e  f l u i d ,  th e  tem p era tu re  o f  th e  system , and th e  shape and make-up o f 

th e  containm ent v e sse l*  A change in  th e  q u a l i ty  o f f lu i d iz a t io n  w i l l
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a f f e c t  bed  d en sity ^  p a r t i c l e  movement^ bed tu rb u le n c e 5 h e a t  t r a n s f e r , 

e ro s io n , a t t r i t i o n ,  ahdventrainm ent*

C o nsidering  a  n u c le a r  r e a c to r  system , changes i n  bed d e n s i ty ,  

p a r t i c u l a r l y  i f  channeling  o r  s lu g g in g  o ccu rred  in  th e  co re  a re a , 

would be s e r io u s ,  ^ Q u a lity  o f f lu id iz a t io n "  i s  a  te rm  t h a t  d e sc r ib e s  

th e  degree o f  hom ogeneity o f  th e  b ed 0
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CHAPTER k

EXPERIMEHTAL PROCEDURE

k * l M a te r ia ls  ■

To develop ex p erim en ta l te ch n iq u es  and to  d e f in e  th e  f l u i d i z ­

in g  c o n d itio n s  in  an a p p ro p r ia te  manner,, i n i t i a l  experim ents used  sand 

and a iro  The sand was s i f te d , ,  u s in g  T y le r  S tandard  S c reen s, to  d e te r ­

mine th e  s iz e  o f p a r t i c l e s  and to  s e p a ra te  i t  acco rd in g  to  th e se  

s i z e s <? M icroscopic exam ination  o f  th e  sand showed a  rough appearance® 

A ll p a r t i c l e s  which would n o t  p ass a  20 mesh s ie v e  were discarded®

The fo llo w in g  s c re e n  s iz e s  were used  to  c l a s s i f y  th e  sand  p a r t i c l e  

s iz e s :  20 , k2 , 60, 80, 100, 115, and lf>0 mesh® (The appendix  con­

ta in s  a  ta b le  r e l a t i n g  T y le r mesh s iz e s  to  th e  opening in  in c h e s , m il­

l im e te r s  , and m icrons „) A ir to  f lu i d iz e  th e  sand was su p p lie d  by a  

sm all a i r  compressor®

When ex p erien ce  had been  gained  w ith  sand  and a i r ,  g ra p h ite  

powder and helium  were su b s titu ted ®  The g ra p h ite  was o f  r e a c to r  grade 

and was donated  by  th e  N a tio n a l Carbon Company® I t  was s i f t e d  and 

se p a ra te d  u s in g  th e  T y le r Screens® The s iz e s  s e p a ra te d  were as f o l ­

low s: g r e a te r  th a n  k2 mesh, l e s s  th an  k2 b u t g re a te r  th a n  100, l e s s

th an  100 b u t  g r e a te r  th a n  115, l e s s  th an  115 b u t g r e a te r  th a n  150,  and 

l e s s  th an  ISO mesh® A ll  g ra p h ite  p a ssed  a  20 mesh sieve®

The helium  was su p p lie d  i n  la rg e  m e ta l b o t t l e s  ® The helium  

was re le a s e d  th ro u g h  an A ireo  helium  r e g u la to r  which co u ld  re g u la te

8



th e  p re s s u re  om th e  o u t l e t  lime®

lj.o2 Equiiamemt

The ap p a ra tu s  co n sis ted , o f  a  containm ent v e s s e l ,  gas i n l e t  and 

d i s t r i b u t io n  system , and a  gas o u t l e t  and f i l t e r i n g  system® The bed  

containm ent v e s s e l  was c o n s tru c te d  u s in g  a  b o r o s i l i e a te  tem pered g la s s  

p ip e , 36 in ch es  h ig h , o n e -q u a rte r  in c h  th ic k ,  and w ith  a  th re e  in ch  

in s id e  diameter® Aluminum f la n g e s  w ere a tta c h e d  to  th e  ends o f th e  

p ip e , so t h a t  a d d i t io n a l  p la te s  o r  f la n g e s  cou ld  be sec u re d  as needed® 

The p ip e  was mounted v e r t i c a l l y  om a  wooden frame® The to p  o f  the  

p ip e  was c lo se d  w ith  an aluminum b l in d  flange® Holes were d r i l l e d  i n  

th e  f la n g e  to  p ro v id e  th e  gas o u t l e t  and equipm ent acce ss  to  th e  bed 

from th e  top® P la s t i c  and ru b b e r g ask e ts  were used  to  s e a l  th e  v e s s e l  

a t  each end® I n  aluminum b l in d  f la n g e  w ith  a  c e n te re d  i n l e t  ho le  

c lo se d  th e  bottom  o f th e  vessel®

lu r in g  m ost o f th e  exp erim en ts , th e  bottom  o f th e  containm ent 

v e s s e l  was assem bled as shown i n  th e  p ic tu r e  in  F ig u re  ^*1* fo rm a lly  

f l a t  c i r c u l a r  d i s t r i b u t io n  p la te s  w ith  sm a ll h o le s  d r i l l e d  i n  a  c i r c u ­

l a r  p a t t e r n  were used  to  d i s t r i b u t e  th e  gas a t  th e  bottom  o f  th e  bed® 

T in  p la te s  were used in  th e  c o ld  beds and changed to  in v e s t ig a te  o p t i ­

mum h o le  s iz e  and d is tr ib u tio n ®  For th e  h ea ted  ru n s , a  fo u r - in c h -  

d iam eter s t a i n l e s s  s t e e l  d i s t r ib u t io n  p la te  (shown in  F ig u re  Ij.®! above 

th e  aluminum b l in d  f la n g e  gas i n l e t  p la t e )  was d r i l l e d  and used in  th e  

manner determ ined  from  p rev io u s  experiments® , The g ra p h ite  charge was 

supported  by t h i s  d i s t r i b u t io n  p la te  when mo gas was flowing® There 

was an empty space th re e  in ch es  i n  d iam eter and one in c h  h ig h  between
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FIGURE

BOTTOM OF THE CONTAINMENT VESSEL AS IT IS ASSEMBLED FOR A HEATED RUN.

The packed bed o f g ra p h ite  c o n ta in s  the  tem p era tu re  m easuring p ro b e , 

th e  h e a tin g  c o i l ,  and th e  p la t in g  sam ples. The gas i n l e t  p la te  i s  

shown r e s t in g  on th e  wooden fram e. The therm om eter in  th e  foreground 

in d ic a te s  th e  helium  i n l e t  tem peratu re*
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l i ­

th e  bottom  o f  th e  p la te  and th e  top  o f  th e  gas i n l e t  plate©

For s e v e ra l  c o ld  runs* fu n n e ls  were in v e s t ig a te d  f o r  gas d i s ­

trib u tio n ©  A m e ta l and a  g la s s  fu n n e l were tr ie d *  each  b e in g  secu red  

to  th e  bottom  o f  th e  v e s s e l  by  an aluminum fla n g e  w ith  a  la rg e  c e n te r  

ho le  which f i t t e d  over th e  funnel© Rubber g a sk e ts  s e a le d  th e  l i p  o f 

th e  fu n n e l and th e  g la s s  v e s s e l  rim© .

A f i l t e r  was made and a t ta c h e d  to  th e  exhaust f i t t i n g  a t  th e  

to p  o f th e  con tainm ent v e s s e l  by a  f iv e  f o o t  le n g th  o f  p l a s t i c  tu b ­

ing© The f i l t e r  was c o n s tru c te d  from a  th r e e - in c h - le n g th  o f fo u r -  

in c h -d ia m e te r s t e e l  pipe© Two h o le s  were d r i l l e d  and tap p ed  f o r  one- 

q u a r te r - in c h  p ip e  on th e  o u te r  rim  o f th e  s t e e l  p ipe*  The h o le s  were 

spaced  t h i r t y  deg rees  a p a r t  and were f i t t e d  w ith  Swagelock f i t t i n g s *  

one used  as th e  f i l t e r  in ta k e  and th e  o th e r  to  connect a  manometer to  

m easure f i l t e r  p re ssu re*  F i l t e r  p ap ers  were p la c e d  a c ro ss  each  open 

fa c e  and h e ld  i n  p la c e  by masking tape*  No tap e  was a llow ed  to  c ro s s  

th e  f i l t e r i n g  s u rfa c e  o f  th e  paper*  Wire mesh was p la c e d  o u ts id e  each 

p ap er s u rfa c e  t o  keep th e  p ap er from  push ing  o u t o r  ru p tu r in g  due to  

p re s su re  * The w ire  mesh was h e ld  f irm ly  by two o u te r  f lan g es*  b o l te d  

to g e th e r  ac ro ss  th e  o u te r  c ircum ference  o f  th e  s t e e l  p ipe*  The a s ­

sembled f i l t e r  may be seen  in  F ig u re  lj.s2 a t  th e  extrem e l e f t  o f th e  

p i c t u r e *

In  e a r l i e r  work* two s t r a i g h t  copper tu b es  were spaced  v e r t i c a l ­

l y  i n  th e  bed to  measure th e  p re s su re  drop ac ro ss  th e  bed* The h e a tin g  

c o i l s  were h e ld  i n  p la ce  by two q u a r te r - in c h -d ia m e te r  g la s s  tu b es  w ith  

heavy copper w ire s  in s e r te d  down th e  c e n te r  o f each  tube* The h e a tin g  

c o i l s  were connected  a c ro ss  th e  ends o f th e  copper w ires*  A s t a i n l e s s
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FIGURE lu2

EQUIPMENT SETUP FOR A HEATED RUN.

Equipment seen  on th e  ben ch -to p  from the  l e f t :  the  f i l t e r  and

manometer, ju n c tio n  box, t im e r , two ammeters, the  therm ocouple 

p o te n tio m e te r , and the  helium  b o t t l e  a t  the  r i g h t  o f bench . In  

th e  foreground  i s  th e  17 amp v a r ia c  and th e  to p  o f containm ent 

v e s s e l .  Note t h a t  th e  p o te n tio m e te r i s  d isp la y e d  v e r t i c a l l y  only  

f o r  the pho tograph .
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s t e e l  probe was used  to  h o ld  samples i n  p la c e  w ith in  th e  v e s s e ls

T© measure th e  amount o r  e f f e c t  ©f g ra p h ite  p la t in g  5 the  f o l ­

low ing sam ples were used :

lo  A f iv e  in c h  long  s t a i n le s s  s t e e l  ro d , type  3l 6s o f 

Qol25 in c h  diam etero

2 * 21 and 26 gage s t e e l  w ire s  o f f iv e  in c h  le n g th  w ith

copper e l e c t r i c a l  co n n ec to rs  a tta c h e d  to  each  end 

• f o r  assemblyo

3» V arious n ickel-chrom ium  w ire s  o f  30, 2 0 , and 18 gage, 

n o rm ally  c o i le d  to  h e a t  th e  beds

The s t a i n l e s s  s t e e l  ro d  was h e ld  to  th e  sample probe by  a  s e t  screw , 

w ith  th e  two s t e e l  w ire s  h e ld  bowed betw een th e  s e t  screw  and th e  end 

o f  th e  s t a i n l e s s  s t e e l  rods The schem atic  diagram  in  F ig u re  ho3 shows 

th e  manner o f  p o s i t io n in g  th e  s t e e l  sam ples w ith in  th e  beds The sam­

p le s  were a rran g ed  a t  a  o n e - in c h -ra d iu s  from th e  v e s s e l  c e n te r l i n e 0 

The h e a tin g  c o i l s  were o f  two and th re e  in c h  c o i l  le n g th s  and co u ld  be 

p o s it io n e d  v e r t i c a l l y  o r  h o r iz o n ta l ly  in  th e  c e n te r  o f  th e  v e s s e l  a t  

any d e s ir e d  height®

Bed tem p era tu res  were o b ta in e d  w ith  a  ehrom el-alum el type  

therm ocouple a tta c h e d  to  a  probe t h a t  cou ld  be r a is e d  to  any h e ig h t 

above th e  d i s t r i b u t io n  p la te  and co u ld  be ro ta te d  from  th e  v e s s e l  

c e n te r  to  th e  o u te r  wall® The therm ocouple w ire s  w ere packed in ,  and 

in s u la te d  by , magnesium oxide powder and were sh ea th ed  i n  s t a i n le s s  

steel®  The p ic tu r e  i n  F ig u re  shows th e  equipm ent se tu p  f o r  a  

h e a te d  rum® Rubber and cork  s to p p e rs  were d r i l l e d  and f i t t e d  over th e  

tu b es  in tro d u ce d  in to  th e  v e s s e l ,  p lu g g in g  th e  h o le s  i n  th e  to p  flange®



FIGURE U.3

FLUIDIZATION APPARATUS

Measurement c i r c u i t s  fo r  h ea ted  runs a re  shown. Not to  s c a le
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R ubber-m etal cement was u sed  to  s e a l  th e  s to p p e rs  in to  p la c e „

A 17 ai(ips 120 v o l t  au to  tra n s fo rm e r was used  as  th e  power su p p ly  

f o r  th e  h e a tin g  c o i l 5 and two la b o ra to ry  ammeters and v o ltm e te rs  were 

u sed  when necessary®  Sample w eigh ts  were measured on an a n a ly t ic a l  

ba lanceg  w h ile  h e a v ie r  w e igh ts  were weighed on a  la b o ra to ry  b a la n c e „ 

Sample r e s is ta n c e  was m easured on a  W heatstone b rid g e  o A n a ly sis  o f  

f i l t e r  p a r t i c l e  s iz e s  was made w ith  a  m icroscope u s in g  a  screw  microm­

e t e r  ey ep iece  and a  10X o b je c t iv e  lens® Photographs o f  f i l t e r  p a r t i ­

c le s  were tak en  w ith  a  U n iv e rsa l Camera M icroscope ,lMe F11 o r  m e ta llo ­

graphy Helium flow  was m easured b y  an o r i f i c e - ty p e  flow m eter t h a t  was 

c a l ib r a te d  i n  th e  labora to ry®

k<>3 P rocedure

F lu id  beds were o b ta in e d  w ith  sand  and a i r  to  t e s t  th e  equ ip ­

ment and p ro v id e  d a ta  on s o l id s  s iz e  d i s t r i b u t io n  and gas d i s t r ib u t io n  

m ethodse For a  g iven  ru n , th e  charge o f  s o l id s  was n o t  a l t e r e d  excep t 

b y  a c t io n  o f  th e  bed® H e ig h t- to -d ia m e te r  r a t i o s  w ere observed  f o r  v a r ­

io u s  chargesg and th e  optimum r e s u l t s  were noted® A g ita t io n  o f  th e  

bed by m echanical s t i r r e r s  and p u ls in g  th e  a i r  supp ly  was attempted,* 

and th e  e f f e c t  on f l u i d i s a t i o n  was observed®

The c o n d itio n s  w hich gave th e  b e s t  r e s u l t s  f o r  sand and a i r  

were d u p l ic a te d .f o r  g ra p h ite  beds® Gold ru n s  u s in g  a i r 5 and l a t e r  

helium , were made to  t e s t  th e  g ra p h ite  p a r t i c l e  s iz e  com position  o f  

th e  ch arg e , h e ig h t- to -d ia m e te r . r a t i o ,  and gas d i s t r i b u t io n  system®

The e n tra in m en t o f  f in e s  and th e  a t t r i t i o n  o f th e  bed  were observed 

and recorded®
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The f i n a l  phase o f  t h i s  in v e s t ig a t io n  in v o lv ed  h e a tin g  th e  

g ra p h ite  and helium, f l u i d  bed to  observe th e  q u a l i ty  o f  f l u i d i z a t i o n , 

th e  p la t in g  o f  g ra p h ite s th e  en tra in m en t o f  f in e s#  and th e  a t t r i t i o n  

o f  th e  bed* I n  p re p a rin g  f o r  a  h e a te d  run# a l l  sam ples were weighed 

and t h e i r  r e s is ta n c e  was m easured b e fo re  th e y  were mounted on th e  

sample rod  and p la ce d  in  th e  v e sse l*  i l l  c i r c u i t s  and connec tions 

were checked to  t e s t  measurement c i r c u i t s  and a i r - t ig h tn e s s *  The f i l ­

t e r  was w iped clean# and two f r e s h  f i l t e r  p ap ers  were weighed and th en  

tap ed  to  th e  f i l t e r  openings* A g ra p h i te  charge o f  known p a r t i c l e  

s iz e  d i s t r i b u t io n  and w eig h t was poured  in to  th e  v e s s e l  a f t e r  th e  

o th e r  ap p a ra tu s  was assembled*

The h e a te d  bed  ru n s  were made i n  th e  fo llo w in g  manner* The

helium  r e g u la to r  was a d ju s te d  to  p ro v id e  10 p s ig *  on th e  v a lv e  to  th e

flowm eter* The helium  flow  was v a ried #  u n t i l  th e  b e s t  f l u i d  bed  was

observed* The h e ig h t in c re a s e  was re c o rd ed  from  packed to  f l u i d  bed*

The p re s su re  i n  th e  f i l t e r  was re c o rd ed  from  th e  manometer* Time was
' - 

s t a r t e d  when th e  bed became flu id ized ©

E le c t r ic  c u r re n t  was a p p lie d  to  th e  h e a tin g  c o i l  and th e  c u r­

r e n t  and v o lta g e  re c o rd e d . C u rren t leak ag e  th rough  th e  g ra p h ite  bed 

to  th e  sample probe was reco rd ed  by m easuring th e  c u r r e n t  and v o lta g e  

between one h e a tin g  c o i l  le a d  and th e  sample probe* As th e  bed 

reach ed  h ig h e r  tem peratu res#  th e  helium  flow  was red u ced  to  m a in ta in  

a  dense-phase  tu rb u le n t  bed  w ith  optimum f lu i d i z a t io n  q u a li ty *  The 

bed tem p era tu re  was n o ted  on th e  therm ocouple p o ten tio m e te r#  w h ile  th e  

therm ocouple ju n c tio n  was f ix e d  i n  p o s itio n *  When th e  tem peratu re  

reach ed  a  s te a d y  s ta te #  a l l  in s tru m e n t re a d in g s  and th e  runn ing  tim e
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were recorded ,. H eating  c u r re n t  was h e ld  c o n s ta n t f o r  each  ru n 0 A f te r  

s te a d y  s t a t e  was reach ed s a  tem p era tu re  p r o f i l e  o f th e  bed  was made i n  

accordance w ith  th e  h e a t  t r a n s f e r  in v e s t ig a t io n  made b y  C ap ta in  S to n e -  

burnero  TShen th e  d e s ir e d  runn ing  tim e had e la p se d , th e  h e a tin g  c u r­

r e n t  was s low ly  reduced  to  zero  w ith  th e  bed s t i l l  f lu id iz e d *  As th e  

bed  co o led , th e  helium  flow  was d ecrea sed  and th e  runn ing  tim e h a l t e d 0 

A f te r  each  run th e  sam ples were removed from  th e  v e s s e l ,  r e -  

w eighed, and m easured f o r  r e s i s ta n c e » The g ra p h ite  charge was recov ­

e red  from  th e  v e s s e l  and i t s  p a r t i c l e  s iz e  d i s t r i b u t io n  determ ined  by  

s i f t i n g  and weighing* The f i l t e r  was d isassem bled  and p a r t i c l e s  

tra p p e d  in s id e  were sc rap ed  onto th e  f i l t e r  p ap ers  u s in g  a  sp a tu la*

The f i l t e r  p apers  c o n ta in in g  th e  g ra p h ite  were weighed and s e t  a s id e  

f o r  l a t e r  o b se rv a tio n  w ith  th e  m icroscope and m e ta llo g ra p h *

The f i r s t  f iv e  h e a te d  ru n s  were made w ith  th e  same g ra p h ite  

ch arg e5 th e  o n ly  changes i n  com position  were due to  bed ac tio n *  Then 

a  charge o f a l l  f in e s  was used  fo r  a  h e a te d  ru n ; th e  p a r t i c l e s  a l l  

p assed  60 mesh, w ith  over h a l f  p a ss in g  0# mesh* The f i n a l  ru n  used 

th e  o r ig in a l  g ra p h ite  ch arg e , b u t  th e  sam ples were p la c e d  above th e  

bed r a th e r  th an  in  i t *  For th e se  l a s t  two ru n s , a  one f o o t  le n g th  o f  

18 gage nickel-chrom ium  w ire  was a tta c h e d  to  one end o f th e  v e r t i c a l  

h e a tin g  c o i l ,  so t h a t  th e  h ea tin g , c u r r e n t  p assed  th rough  i t  i n  the  

c i r c u i t*  This long  w ire  ex tended  above th e  bed  and was h e a te d  du ring  

th e se  two runs*
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DISCUSSION OF 1ES1MS

5 o l G raph ite  P la t in g

When th e  g ra p h ite  was f lu id iz e d ^  d u s t - l ik e  p a r t i c l e s  would 

c o a t th e  su rfa c e s  above th e  b ed , though th e  su rfa c e s  w ith in  th e  bed. r e ­

mained r e l a t i v e l y  c le a n » These p a r t i c l e s  had a  s l ip p e r y  c o n s is te n c y  

and adhered  to  o th e r  su rfa c e s  and each  o th e r  r e a d i ly ;  however, th e  ap­

p a ra tu s  cou ld  be w iped c le a n  w ith  a  c lo th  e a s i l y » I n  b o th  co ld  and 

h e a te d  ru n s , a  f r e s h  charge o f  g ra p h ite  f lu id iz e d  f o r  th e  f i r s t  tim e 

l e f t  an even, heavy la y e r  o f  th e se  f in e s  above th e  bedo I f  th e  same 

charge were re u sed  w ith o u t add ing  p re v io u s ly  u n f lu id iz e d  g ra p h ite ,  

th e re  was v e ry  l i t t l e  s u rfa c e  dusto

The p la t in g  sam ples tu rn e d  b lu e -b la c k  in  c o lo r  a f t e r  one o r 

more h e a te d  runs® Any g ra p h ite  p a r t i c l e s  th a t  d id  n o t shake o f f  th e  

samples due to  ex p erim en ta l h an d lin g  were c l a s s i f i e d  a s  p la t in g  and 

m easured accordingly®  F o r th e  seven  h e a te d  ru n s , and i n  s e v e ra l  o th e r  

h e a te d  f l u i d  bed  a tte m p ts , a  few v e ry  la rg e  g ra p h ite  p a r t i c l e s ,  o r  ag­

g lom era tions o f  p a r t i c l e s ,  would c l in g  to  th e  h e a tin g  co ils®  U su a lly  

th e se  p a r t i c l e s  o r  agg lom erates were a t  th e  ends o f  th e  c o i l  between 

th e  more c lo s e ly  spaced  tu rn s  ® (An a ttem p t was made to  keep th e  same 

d is ta n c e  betw een each  tu r n ,  though some d i s to r t i o n  was caused  when 

mounting th e  c o i l s  on th e  h e a tin g  le a d s  o r  by  th e  a c t io n  o f  th e  bed on 

m easuring a p p a ra tu s  ®) These la rg e  p a r t i c l e s  seemed to  adhere  to  th e  

c o i l  as  i t  coo led  i n  th e  f l u i d  bed® Once s te a d y  s t a t e  tem p era tu res

1 8
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were reach ed  in  th e  bed , th e  c u r re n t  and v o lta g e  a c ro ss  th e  h e a tin g  

c o i l  rem ained c o n s ta n t i n  a l l  h e a te d  ru n s 3

The p la t in g  sam ples were exposed w ith in  o r above f l u i d  beds o f  

m ild  tu rb u le n c e  w ith  e x c e l le n t  p a r t i c l e  movement» C hanneling and s lu g ­

ging were n o t observed  d u rin g  th e  h e a te d  ru n s , and th e  in te r f a c e  r e ­

sem bled th e  s u r fa c e  o f  a  r a p id ly  b o i l in g  liquid®

A resume o f th e  c o n d itio n s  f o r  each  h e a te d  ru n  i s  g iven  in  

Table I* Measurements made to  determ ine g ra p h ite  p la t in g  a re  c o n s o li­

d a te d  in  Table The in c re a s e  i n  sample w eigh t i s  an in d ic a t io n  o f

g ra p h ite  p la t in g  on th e  surface®  A c o n s is te n t  change i n  sample r e s i s ­

tan ce  would in d ic a te  a  su rfa c e  e f f e c t  b y  th e  g ra p h ite  o r  a  r e a c t io n  o f  

th e  m e ta l w ith  th e  carbon® The sample d iam eters  were c a r e f u l ly  meas­

u red  w ith  a  m icrom eter, b u t  no s ig n i f i c a n t  change cou ld  be n o ted  a f t e r  

h e a tin g  and f l u i d i z a t io n  exposure®

A g raph ic  p ic tu r e  o f  th e  v a r ia t io n  i n  w eigh t o f  th e  samples i s  

g iven in  F igu re  5 q1 , a long  w ith  th e  v a r ia t io n  i n  w eighing o b ta in ed  

m easuring p ro c e d u ra l control®  The f lu c tu a t io n  o f  sample r e s is ta n c e  

i s  shown i n  F igure  5®2, a s  w e ll  a s  th e  v a r ia t io n s  observed  f o r  p roced ­

u r a l  control®

An experim ent was perform ed to  determ ine th e  range o f  p roced­

u r a l  c o n tro l  v a r ia t io n s  due to  th e  fo llo w in g : 

l ffi la b o ra to ry  c o n d itio n s

2 © The touch ing  o r  h an d lin g  o f  samples i n  th e  ex p erim en ta l 

p rocedure

3© V a ria tio n s  i n  m easuring equipm ent perform ance and

accu racy



CONDITIONS' DURING HEATED BUNS

TABLE I

Run D esignations I I I I I I IV V A ll  F ines VI

H eating  C o il P o s itio n s H H H H V V V

Average Bed Tempo ( % ) : h$ 62 .60 100 . 222 21+0 320

Bed Tempo a t  P la t in g  Sam ples„ ( 0 ) . (measurement d is ta n c e above d i s t r ib u t io n  p la te  shown)s
0o5 in ch es k5 - .
1 6© 22 w 12©
W 62 2o 120 21+0
2 op 1+2 120 2U0
2*2 kB 22 92 200
3*0 2o 80 182
3*2 6© 92 200
UeO 7© 90 200 -
w 2© 90 202

S teady  S ta te  Readings :in  Amps and V oltss
H eating  C urren ts Uo2 S0Q l2oQ 12*2 12*0 13*0
H eating V oltages 8o0 iSo© % 0 16*0 26*0 31+o0 1+0*0
Bed C urrents 0 ol2 1*22 1*0 , l+o0 2*2 '
Bed V oltages loO 0o2 0*3 0*7 1*2

T o ta l Running Times
\

(m ino)s 19*1 32oO 26*3 61*2 7l+*7 1+2*0 60*0

N otess 1 0 H eating  c o i l  p o s i t io n s were h o r iz o n ta l  o r  v e r t i c a l  as in d ic a ted *
2 q . The p o te n tio m e te r b a t t e r y  was weak d u rin g  Run I I I 0
3o The s t e e l  p la t in g  samples were p la c e d  above bed  in  f i n a l  two rums0 ©



CONSOLIDATED GRAPHITE PLATING DATA

TABfii: I I

W eig h t' o f Samples in  Gramss

Sample O rig in a l Wto Rum I Run I I Run I I I Run I f Run f A ll  F ines Run VI

S ta in le s s  S te e l  Red 7o8l22F- 7,77966 7*77992 7o779W 7,7811© 7=78188 7,7825© 7,7 l7k8
21 Gage S te e l  W ire 1=83071}. 1,8313© 1=831©© 1=83100 1=83087 1=83178 1=83196 1=83239
26 Gage S te e l  Wire l e 32116 •' 1=32126 1=32128 l=321k5 1=3215k 1=32279 1 =3227k 1=32252
2# Gage NiCr © oil .. lo 3 S 3 3 l=33k57
20 Gage NiGr © oil 0=97551 - 0=98557
20 Gage NiGr C o il 1,7726k 1,77726 1=78078 l=78k38
IS  Gage NiCr W ire 2@23270 2=2330© 2=233©©
3© Gage NiGr C o il 0=13636 Ool38k8

' . • ■ . -
*  Sample in c lu d ed  sm all n eed le  p o in t  which b ro k e .o f f  b e fo re  measurement fo llo w in g  Bum I 0 .

R es is tan ce  o f  Samples in  ©brass

Sample O rig in a l A . , : 1

30 Gag® NiCr C o il 1,730© 1=687©
S ta in le s s  S te e l  Rod 0*0280 ©o©57© 0 e0k7© o=©3©@ ©=©39® ©=®k9® ©=©37© ©=©38©
21 Gage S te e l  Wire 0 o0560 0 o©59© ©o©6l© 0=055© ©=©6l© ©=©58© 0=055© 0=©59©
26 Gage S te e l  Wire ©@158© 0=163© 0=189© 0 =167© 0 =l600 . ©=162© 0=157© ©=157©.
20 Gage NiCr C o il 1 O6260 a»Sj>7© ■
20 Gage NiGr C oil 1,195© 1=189©
2© Gage NiCr C o il 2 =122© 2 =126© 2 =128© 2 =203©
18 Gage NiCr W ire ©0k 8l©

-
0=5050 0=5117
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26  GAGE

Hours of Sample Exposure. ( In d iv id u a l  Runs Shown)

FIGURE 5 .1

SAMPLE WEIGHTS AFTER HEATED RUNS
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Hours o f  Sample Exposure ( In d iv id u a l Runs Shown)

FIGURE 5.2

SAMPLE RESISTANCES AFTER HEATED RUNS
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The th re e  p rim ary  p la t in g  sam ples and th e  f i n a l  20-gage nickel-chrom ium  

h e a tin g  c o i l  and 18-gage h ea ted  sample were a llow ed to  s tan d  in  th e  

la b o ra to ry  f o r  ii.8 hours fo llo w in g  Bun VI s Table H I  shows th e  r e s u l t s  

o f  th e  w eigh t and r e s is ta n c e  measurements^ a s  compared to  th e  d a ta  

a f t e r  Run Vie The p rocedu re  fo llow ed  i s  shown in  th e  t a b l e 5 w ith  max­

imum observed  d if f e r e n c e s  reco rd ed  a t  th e  bottom  o f  each  column

To p ro v id e  an  a n a ly t i c a l  c a lc u la t io n  o f  th e  w eigh t o f  g ra p h ite  

p la t in g ,  com putations were made assum ing th e  g ra p h ite  was p la te d  one 

m il  th ic k  on th e  c y l in d r i c a l  su rfa c e  o f  th e  f iv e  in c h  long s t a i n le s s  

s t e e l  sample ro d e C u rr ie , H am ister, and MacPherson have m easured th e  

d e n s i ty  o f c r y s t a l l i n e  g ra p h ite  and o b ta in e d  a  v a lu e  o f  2*26 grams p e r  

cub ic  cen tim ete r*  T his d e n s i ty  was u sed , assum ing th e  p la t in g  i s  more 

n e a r ly  c r y s t a l l i n e  than  powder, and t h i s  va lu e  would g ive a  conserva­

t i v e  estim ate*  The g ra p h ite  would have a  volume o f  0*001962 cu b ic  

in ch es  o r  0*03220 cu b ic  c e n tim e te rs  and weigh 0*0728 grams*

D uring th e  f i n a l  th re e  h e a te d  ru n s , th e  s t a i n l e s s  s t e e l  ro d , 

th e  21-gage s t e e l  w ire , and th e  h e a tin g  c o i l  showed a  c o n s is te n t  

w eigh t in c re a se *  The 26-gage s t e e l  w ire  l o s t  w eigh t s l i g h t l y  d u rin g  

th e  f i n a l  two runs* The s t a i n l e s s  s t e e l  ro d  gained  ab o u t 0*0075 grams 

d u rin g  th e  h e a te d  ru n s , ap p ro x im ate ly  10% o f th e  w eigh t o f  g ra p h ite  

n e c e ssa ry  to  ach ieve  a  one m il th ic k n e ss*  When th e  ends o f  th e  sam­

p le s  were c lean ed  in  e th y l  a lc o h o l , each  sample l o s t  a  la r g e  f r a c t io n  

o f  th e  p re v io u s  w eight gain* In  th e  case  o f th e  s t a i n l e s s  s t e e l  ro d , 

t h i s  i s  e x p la in ed  by  th e  f a c t  t h a t  th e  ends were rough , w h ile  th e  s id e  

su rfa c e  was h ig h ly  p o lish ed *  For th e  two s t e e l  w ire s ,  th e  te rm in a ls



' TABLE I I I

PROCEDURAL CONTROL VARIATIONS
. . . .  . "  ■ :

T r ia l Sample 1. 
Grams Ohms

' ' Sample 2 . : :
Grams Ohms

Sample 3® 
Grams, Ohms

Sample k .  
Grams Ohms

Sample 5. 
Grams Ohms

1 . 7o787W 0.0380: 1.83239 0.0590 1.32252 0.1570 1.78k38 2.2030 2.23300 O.5II7
‘ 2® 0.0k20 0.06lk 0.1633 2.2310 0.5000

3 a 7.78205 0.0292 , 1.83157 0.0580 1.32228 0.1638 1.77975 2.1655 2.23286 04983
lj.a 7.78349 0.0308 1.83139 o.o5ko 1.3222k 0.1603 1.77968 . 2.1593 2.2329k 0.5090
5. 0.0330 0.0566 0.1580 2.1570 0.5020

7.7807k 0.0398
7o 7.7807k 0.03k5
8-s 7.78012 0.0308
9 * 7.78018 0.0291

10. 0.0300
Max.®
B i f f . 0.00736 .. 0.0129 0.00100 0 . 007k 0.00028 0.0068 0.00k70 o.07ko 0.0001k 0.013k
T r ia l  1 0 Resm lts from Rub V I.

2 o A f te r  I4.8 hour exposure in. la b o ra to ry 0
3o Clean sample te rm in a ls  i n  e th y l  a lc o h o l and a i r  d ry .
I4.0 Handle samples in  manner used  i n  equipment s e tu p 0
5o D isconnect W heatstone b rid g e  le a d s  from  sample te rm in a ls ,  th en  re c o n n ec t.
6 .  C lean rod  i n  a lc o h o l , wipe w ith  paper to w el, a i r  d ry , handle w ith  tw eezers . 
7* R eplace on ba lan ce  o r reco n n ec t le ad s  to  te rm in a ls  and rem easure .
@e Handle sample i n  manner used in  equipment s e tu p .
F* R epeat p rocedure o f  T r ia l  7©

. 10® Remove and reco n n ec t, le ad s  on th e  Ih e a ts to n e  b r id g e .

Sample 1 .  S ta in le s s  s t e e l  ro d .
2 ® 21 gage s t e e l  w ire . ...
3 . 26. gage Steel wire®

2 0  g a g e  N iC r H e a t in g  c o i l .
5 . 18 gage, lo n g , HiCr w ire . rovi
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Mad much l a r g e r  s u rfa c e  a re a  th an  th e  w ire  and were made o f  copper and 

t i n  e l e c t r i c a l  co n n ec to rs

A c o n s is te n t  in c re a s e  i n  re s is ta n c e *  w ith  in c re a s in g  w eigh t 

and exposure* was n o ted  f o r  th e  h e a tin g  c o i l |  however* t h i s  t o t a l  

in c re a s e  f o r  th e  f i n a l  th re e  h e a te d  ru n s  was ap p rox im ate ly  eq u a l to  

th e  r e s is ta n c e  v a r ia t io n  from room exposure and norm al h an d lin g  d ev ia ­

tio n s*  The s t e e l  sam ples d id  n o t e x h ib i t  any c o n s is te n t  r e s is ta n c e  

tr e n d  compared w ith  w eights*  and a g a in  th e  v a r ia t io n s  t h a t  d id  e x i s t  

in  sample r e s is ta n c e s  were i n  th e  range o f  ex p erim en ta l e r r o r  d ev ia ­

tio n s *

The b lu e -b la c k  c o lo r  was com p le te ly  removed from  th e  s t a i n le s s  

s t e e l  ro d  when i t  was w iped w ith  a  p ap e r tow el soaked i n  e th y l  a lc o ­

hol*  The w eigh t was d ecreased  to  ap p rox im ate ly  t h a t  o f th e  i n i t i a l  

sample w eight*

I n  th e  f i n a l  two h e a te d  ru n s  w ith  th e  sam ples above th e  bed 

(ex cep t f o r  th e  h e a tin g  c o i l )*  bed a c t io n  would n o t  h e lp  keep them 

clean* and one would expec t an in c re a s e  i n  th e  amount o f  g ra p h ite  

p a r t i c l e s  adhering  to  them* Also th e  h ig h e s t  tem p era tu res  were ob­

ta in e d  d u ring  th e se  runs* The sam ples t h a t  gained  w e ig h t du ring  th e se  

c o n d itio n s  appeared  to  do so. on ly  on th e  ends o r  a tta c h e d  te rm in a ls*  

and th e  26-gage s t e e l  w ire  l e s t  w eight* S ineb th e  c u r re n t  and v o lta g e

rem ained c o n s ta n t d u rin g  s te a d y  s t a t e  o p e ra tio n  o f  th e  h e a tin g  c o il*
\ .

any g ra p h ite  p a r t i c l e  a d d itio n s  m ust have been made when th e  c o i l  was 

cooling*

An F t e s t  was made to  compare th e  v a ria n c e  o f  th e  p la t in g  t e s t  

w eigh ts  w ith  th e  v a ria n c e  o f th e  p ro c e d u ra l c o n tro l  w eights*  Table IT
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TABLE I ?

STATISTICAL. EVALUATION OF PLATING LATA

Samples
V ariance 
o f T es t

V ariance 
o f  C o n tro l F

Value From 
F L i s t .  Table

S ta in le s s  
s t e e l  re d 5*11 9oh8 0.531 9=01

21 gage 
s t e e l  w ire 2ok7 Zodh 0oil.2ij. 23ko0

26 gage
s t e e l  w ire 12*28 6016 2e Gij.0 2 3 b .0
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shows th e se  v a ria n c e s  and t h e i r  r a t i o s  w hich a re  th e  F v a lu e s  f o r  t h i s  

data® The v a lu e  from  th e  F D is t r ib u t io n  Table i s  shown in  th e  

r ig h t-h a n d  column o f th e  table©  These f ig u r e s  show t h a t  th e re  i s  no 

s ig n i f i c a n t  d if f e re n c e  betw een th e  p la t in g  v a ria n c e s  and th e  c o n tro l  

v a r ia n c e s  @

5o2 P a r t i c l e  S iz e s s A t t r i t i o n 9 and E n trainm ent

The d i s t r ib u t io n  o f  p a r t i c l e  s iz e s  i n  th e  g ra p h ite  charge was 

determ ined, by  s i f t i n g  th e  charge betw een ru n s  u s in g  a  un ifo rm  one hun­

d red  shakes© The r e s u l t s  o f th e  s i f t i n g  and w eighing f o r  th e  h ea ted  

ru n s  a re  shown in  Table A lso shown in  th e  ta b le  i s  th e  w eigh t o f  

g ra p h ite  reco v ered  i n  th e  f i l t e r ®  The en tra in m en t o f p a r t i c l e s  from 

th e  bed was in v e s t ig a te d  b y  d e te rm in in g  th e  amount and s iz e  o f p a r t i ­

c le s  trap p ed  in  th e  f i l t e r ®  Bed a t t r i t i o n  i s  observed  by determ in ing  

th e  lo s s  o f la rg e  p a r t i c l e s  and g a in  i n  f i n e s 9 in c lu d in g  f in e s  l o s t  

by  entrainm ent®

In  d e te rm in in g  th e  d if fe re n c e s  i n  w eigh ts o f f i l t e r  p a p e rs , 

b e fo re  and a f t e r  u s e , th e  e f f e c t  o f  ta p in g  th e  p apers  to  th e  f i l t e r  

had to  be known® I n  s e v e ra l  t r i a l s  o f  p re p a rin g  th e  f i l t e r 9 b u t  n o t 

making. rmnss an average w eigh t lo s s  o f O©01f03 grams was n o te d , a f t e r  

th e  masking ta p e  was removed from  th e  f i l t e r  paper® T h is  lo s s  was 

added to  th e  w e ig h t d if f e r e n c e s  to  g ive th e  r e s u l t s  reco rd ed  i n  Table 

V®

I n i t i a l l y  th e  e f f e c t  o f  f l u i d i z a t i o n  on p a r t i c l e  s iz e s  was 

observed  f o r  unheated  beds® The g ra p h ite  charge used  was made up o f  

o n ly  course  and f in e  p a r t i c l e s  ® E atheson  and H a ll have n o ted  t h a t  a



TABLE V

GRAPHITE PARTICLE SIZE DISTRIBUTION AND BED LOSSES

O rig in a l
Charge In n  I Ran I I Run I I I Run IV Run V Run VI

Average bed temp® in  °Cs kS 6© 100 225 350

Time f o r  ru n  in  m inutes t 19 o l 35®® 2 S@ 3 6lo5 7Ro7 So*#

G raph ite  Charge Composition Grams Grams Grams Grams Grams Grams Grams

S m aller than  R2 mesh5 J ) 
Would n o t p a ss  60 mesh®)

R27®6 R06o2 379oB ROle 3 R03o6 399*7 R060I

S m alle r th a n  60 meshs ) 
Would n o t p a ss  80 mesh0)

38 o l 18o3 . lRo7 I 60R 7*9

S m alle r th a n  80 mesh9 )
Would n o t  p a ss  100 mesho.)

lo k 2=9 lo2 I®? I 08 1 02

S m alle r th a n  100 mesh®) Ool loO 0 o3 0o7 0o7 0*7

T o ta l ij.27 06 425=2 R21o8 R21ol R20o5 R1806 R15*5

Losses due to  h an d lin g  ) 
and en tra in m en t from bed) 
from  p rev io u s  rim* ) 2 oil 3ok ©o7 OoS 1*9 3 d

W eight o f  g ra p h ite  trap p ed  
in  th e  f i l t e r 0 0*R0868 0=12137 0olR910 Oo09810 0.290R2 OolO0R2

N>
ND
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f u l l  d i s t r i b u t io n  from  0 to  500 m icrons g iv es  p o o re r f l u i d  beds th an  

one rang ing  from  abou t 100 to  8%0 m icrons <? The optimum com position  

by w eigh t i s  2$% f in e s  and 1$% coarse*  The g ra p h ite  charge c lo s e ly  

approxim ated t h i s  con d itio n j, in c lu d in g  177*3 grams o f  p a r t i c l e s  

g rea te r-th an -lj.2  mesh and 35*2 grams o f le s s - th a n -1 0 0  b u t  g r e a te r - th a n -  

115 mesh* This charge was used i n  s e v e ra l  beds o f  f a i r - to - g o o d  f l u i d ­

iz a t io n  f o r  a  t o t a l  tim e o f  lj.6 m inutes* A ir  was th e  f l u i d  and th e .  

o u t l e t  s tream  was bubb led  th rough  a  la rg e  b eak er o f  w a te r  to  a llow  

rem oval and o b se rv a tio n  o f  e n tra in e d  p a r t i c l e s „ The fo llo w in g  i s  an 

a n a ly s is s a f t e r  f l u i d i z a t io n ,  o f  t h a t  g ra p h ite  charge w hich was i n i ­

t i a l l y  j u s t  co a rse  and f in e  p a r t i c l e s  $

1* O reater-than-ii.2  mesh = 138 ok grams

2* P assed  if.2 b u t  n o t 100 = 33o8 grams

3e P assed  100 b u t .n o t 115 - 22*6 grams

U.a P assed  115 mesh = 6*05 grams

11*7 grams o f g ra p h ite  were l o s t  from  th e  bed  by en tra in m en t o r  i n  

hand ling*  .

A nother s e r ie s  o f co ld  runs showed a  s im ila r  change o f  p a r t i ­

c le  s iz e s  in  th e  g ra p h ite  c h a rg e , and a f t e r  90 m inutes o f  f l u i d  bed 

o p e ra tio n s , th e  f in e s  t h a t  had c o l le c te d  in  th e  f i l t e r  were analyzed* 

The i n i t i a l  charge  was a l l  co arse  p a r t i c l e s  o f  g rea te r-th an -l|:2  mesh; 

fu n n e ls  and p la te s  were used  f o r  gas d is t r ib u t io n *  The f i l t e r  p a r t i ­

c le s  had a  tendency  to  agg lo m erate , so 250 shakes o f  th e  sc ree n s  were 

used in s te a d  o f  th e  norm al 100* The fo llo w in g  w eigh ts o f  p a r t i c l e s

were obtained®
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1® G re a te r~ th an -lli?  mesh = 

2® P assed  113 b u t  n o t 1$0 = 

3® Passed  1^0 b u t  n o t 200 == 

it® P assed  200 mesh ®

0®38^13 grams 

0oU655i* grams 

le302j)0 grams 

1®88280 grams

The r e s u l t  o f  th e  a n a ly s is  o f  f i l t e r  p a r t i c l e  s iz e s  d u ring  th e  

r e g u la r  h e a te d  ru n s  a re  g iven  in  Table VI® The sample was p rep a red  

f o r  m icroscop ic  and m e ta llo g rap h  exam ination  by  shak ing  o r  s c ra p in g  

g ra p h ite  from  th e  f i l t e r  p ap er onto  a  g la s s  s l i d e s th e n  tap p in g  th e  

s l i d e  u n t i l  th e  g ra p h ite  sp re ad  ev en ly  on th e  surface®  The p a r t i c l e s  

would adhere to  th e  su rfa c e  so  t h a t  th e  s l i d e  co u ld  be in v e r te d  w ith ­

o u t o b serv ab le  sp illag e®  The average p a r t i c l e  s iz e  shown in  Table VI 

was determ ined  by  v i s u a l ly  o bserv ing  th e  range o f  p a r t i c l e  s iz e s  on 

th e  s l id e ^  th en  m easuring w ith  th e  eyep iece  th e  groups v i s u a l ly - s e ­

le c te d  to  r e p re s e n t  th e  average s iz e  p a r tic le s®

F igu re  J>o3 i s .  a  pho tograph  made w ith  th e  m e ta llo g rap h  o f th e  

f i l t e r  g ra p h ite  p a r t i c l e s  a f t e r  Bun VI® Sm all s average,, and la rg e  s iz e  

in d iv id u a l  p a r t i c l e s  a re  shown9 a s  w e ll  a s  s e v e ra l  la rg e  m asses o r ag­

g lom era tions o f  sm a lle r p a r tic le s®  These agg lom erations were n e i th e r  

counted  n o r m easured in  de term in ing  th e  f ig u r e s  shown i n  Table VI®

The en tra in m en t o f  p a r t i c l e s  was e s p e c ia l ly  heavy d u ring  th e  

h e a te d  ru n  w ith  a  charge o f  a l l  fines®  The o r ig in a l  charge was made 

up o f  h a l f  60 to  80 mesh p a r t i c l e s  w ith  th e  o th e r  h a l f  p a ss in g  80 

mesh® The t o t a l  w eigh t o f  th e  charge was, 388®1 grams® A f te r  th e  l|i> 

m inute n m , lif.8®? grams o f g ra p h ite  were c o l le c te d  in  th e  f i l t e r  and 

th e  whole con tainm ent v e s s e l  above th e  bed  was b la c k  w ith  g ra p h ite



TABLE VI

GRAPHITE PARTICLE SIZES IN THE FILTER

Run I  Run I I  ' Run I I I  Run IV ; Run V ' Run VI

P a r t i c l e . S ize  i n  M icrons

S m alle s t p a r t i c l e  observed; 0 o5

L a rg e s t p a r t i c l e  observed ; 80

Average s iz e  ranges 8 to  16

0o7 0*5 Ob 5 0o8 1 02

95 120 80 60 n o

10 to  15 11 to  34 12 to  34 11 to  13 12 to  18



3 3

- J l

FIGURE 5 .3

PHOTOGRAPH MADE BY A REICHERT METALLOGRAPH OF THE FILTER GRAPHITE 

PARTICLES AFTER RUN VI. MAGNIFICATION: 250x
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The g ra p h ite  en tra in m en t d ecrea se s  w ith  a  d ecrease  in  the  

amount o f  f in e s  in  th e  bed* For th e  h ea ted  runs th e re  was a  decrease  

i n  f i l t e r  g ra p h ite  w e ig h t w ith  th e  e x ce p tio n  o f  th e  l a s t  two r e g u la r  

runso The in c re a se  here  corresponds to  n o ta b ly  h ig h e r  bed  tem pera­

tu re s  than  p re v io u s ly  u sed , though th e  a n a ly s is  in d ic a te s  th e  p a r t i c l e  

d i s t r ib u t io n  in  th e  bed  and th e  f i l t e r  rem ain e s s e n t i a l l y  c o n s ta n t 

w ith  e a r l i e r  h ea ted  ru n s . The h ea ted  helium  may p ic k  up and e n tr a in  

more g ra p h ite  p a r t i c l e s  above the  bed  and in  th e  p l a s t i c  tu b in g  b e fo re  

reach in g  th e  f i l t e r ,  A sm all h i l l  o f g ra p h ite  was observed  o p p o site  

th e  i n l e t  p a r t  of th e  f i l t e r  o n ly  a f t e r  Run V, This e x t r a  g ra p h ite  

p ro b ab ly  came from  th e  l in e s  s in c e  the  o v e r a l l  bed lo s s  i s  low . The 

h ea ted  runs showed v e ry  l i t t l e  bed a t t r i t i o n  w ith  an a lm ost c o n s ta n t 

p a r t i c l e  s iz e  d i s t r i b u t io n .  This g e n e ra l la c k  o f g r in d in g  in  th e  

h e a te d  beds may be e x p la in ed  b y  s e v e ra l  t h e o r ie s .  F i r s t ,  th e re  may 

have been  g r in d in g , b u t  an eq u a l amount o f  agg lom eration  of sm a lle r 

p a r t i c l e s .  S in te r in g  would n o t ta k e  p la c e  a t  th e se  low tem p era tu res  

and p re s su re s  5 however, some adhesion  o f p a r t i c l e s  i s  e v id e n t b o th  in  

th e  f i l t e r  and th e  bed . A nother p o s s ib le  re a so n  in v o lv e s  the sm all 

bubbles o f helium  t h a t  a re  known to  c i r c u la te  w ith  th e  s o l id s  th rough  

th e  b ed . Under h e a te d  c o n d itio n s , th e se  gas bubbles m igh t c l in g  to  

th e  p a r t i c l e s ,  a c tin g  as  cush ions to  p re v e n t much o f  th e  c o n ta c t b e ­

tween p a r t i c l e s , The amount o f  h e a t  does n o t seem to  be a- f a c to r  y e t ,  

s in ce  th e  p a r t i c l e  s iz e  d i s t r ib u t io n  rem ained e s s e n t i a l l y  c o n s ta n t 

over a range o f  bed te m p e ra tu re s . Very low helium  flow  r a t e s  were 

used in  th e  h ea ted  b e d s5 y e t ,  th e  p a r t i c l e s  have good movement. This 

makes i t  appear l i k e l y  t h a t  th e  gas b u b b le s , c i r c u la t in g  w ith  the

dust0
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p a r t i c l e s  j, a id  th e  bed  movement0 

5e3 F lu id iz a t io n  V a ria b le s

In  g e n e ra l , f a i r - to -g o o d  f lu i d i z a t io n  cou ld  be produced u s in g  

t h i s  equipm ent setupo  The h e ig h t- to -d ia m e te r  r a t i o s  o f  1 to  1*5 were 

observed to  produce more s a t i s f a c to r y  b ed s j i t  was d i f f i c u l t  to  ach iev e  

a  f l u i d  bed i f  th e  r a t i o  was below ©»7 and r a t i o s  above 2*5 r e s u l te d  

i n  slugg ingo  The d i s t r ib u t io n s  o f co arse  and f in e  p a r t i c l e s  were ob­

serv ed  to  be b e t t e r  th an  a  d i s t r i b u t io n  o f  a l l  f in e s  o r  th e  use o f  a  

charge o f uniform  s iz e d  p a r t i c l e s  0

D evices were re q u ire d  to  g iv e  th e  p ro p e r d i s t r i b u t io n  o f  gas 

to  th e  bed© Work w ith  d i s t r ib u t io n  p l a t e s ,  fu n n e ls ,  and fu n n e ls  en­

c lo s in g  p la te s  was done to  determ ine optimum gas d is tr ib u tio n ®  The 

fu n n e ls  produced th e  f a s t e s t  p a r t i c l e  movement w ith in  th e  b ed ; how­

e v e r ,  th e se  beds we're c h a ra c te r iz e d  by  a  t a l l  spou t o f  g ra p h ite  spew­

in g  up above th e  b ed  center®  The d i s t r i b u t io n  p la te s  produced more 

un ifo rm  f lu i d  beds w ith o u t th e  c e n te r  spouting® L a rg e r s iz e s  and num­

b e rs  o f  h o le s  p e r  p la te  were in v e s t ig a te d ,  b u t  th e  most even q u a l i ty  

beds were o b ta in ed  w ith  d i s t r i b u t io n  p la te s  having  0*(%0 in ch  d iam e ter 

h o le s  spaced  s l i g h t l y  more th a n  one p e r  square  in c h  o f p la te  surface®  

This d esig n  was used  on th e  d i s t r i b u t io n  p la te  f o r  th e  h e a te d  runs®

F lu id  flow  r a te s  were low , th e  a i r  v e lo c i t i e s  ranged from  1 to  

2 f e e t  p e r  second w h ile  th e  helium  flow s during  th e  h e a te d  runs ranged  

from  0®13 to  0*80. f e e t  p e r  second® Above minimum f lu i d i z a t i o n ,  th e  

flow  r a t e s  co u ld  be v a r ie d  as much a s  0®5 f e e t  p e r  second w ith o u t v i s ­

i b l y  a f f e c t in g  f l u i d i z a t io n  quality®  The lo w est flo w  r a te s  producing
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a cc e p tab le  f l u i d  beds were used  f o r  a l l  r u n s 0

P h y s ic a l a g i t a t io n  o f  th e  bed  in c re a se d  th e  q u a l i ty  o f  f l u i d ­

iz a t io n  and allow ed minimum f l u i d i z a t io n  to  occur w ith  low er f lu i d  

v e lo c i t ie s o  A g ita tio n  was accom plished by p u ls in g  th e  a i r  flow  from 

th e  com pressor o r  by s t i r r i n g  th e  bed  w h ile  in  o p e ra t io n «

A g ra p h ite  d e n s i ty  o f  2 0©65 grams p e r  cub ic  c e n tim e te r  was 

m easured b y  d isp lacem en t o f  m ethyl alcohol©



CHAPTER 6

• CONCLUSIONS

S ig n i f ic a n t  g ra p h ite  p la t in g  was n e t  observed  on th e  su r fa c e s  

o f th e  s t e e l  sam ples a t  bed tem p era tu res  up to  35QgG0 The b lu e -b la c k  

f i lm  on th e  s t e e l  was due to  th e  p resen ce  o f  carbon^ b u t was n o t  e f ­

f e c t iv e l y  observed  ex cep t on th e  s t a i n l e s s  s t e e l  sam ple0 The w eigh t 

o f  th e  f i lm  i s  n o t  s u f f i c i e n t  to  be a  r e l i a b l e  in d ic a t io n  o f  g ra p h ite  

p la tin g o  S e v e ra l la rg e  g ra p h ite  p a r t i c l e s  o r  masses d id  adhere to  

th e  n ickel-chrom ium  h e a tin g  c o i l s  cau sin g  a  r e s is ta n c e  in c re a s e 0 These 

p a r t i c l e s  d id  n o t become a tta c h e d  w h ile  th e  c o i l  was o p e ra tin g , a t  

s te a d y  s t a t e  tem peratu res#  The maximum in c re a s e s  i n  w e ig h t due to  

g ra p h ite  p la t in g  were 0 o00782 grams f o r  th e  s t a i n le s s  s t e e l <, ( c o r r e s ­

ponding to  l e s s  th an  0 o0001 in c h  th ic k n e s s )$ and 0 o0117i|. grams fo r  th e  

h e a tin g  c o il#  F u r th e r  in v e s t ig a t io n s  o f  p la t in g  must be made a t  

h ig h e r tem pera tu res#

F or h ea ted  beds o f  g ra p h ite  and helium , a t t r i t i o n  i s  v e ry  

s l i g h t  w ith  th e  p a r t i c l e  s iz e  d i s t r i b u t io n  w ith in  th e  bed and en­

t r a in e d  in  th e  helium  be in g  co n stan t#  T his equipm ent can produce good 

f l u i d  beds and be used  to  de term ine  c e r t a in  c r i t i c a l  f l u i d i z a t io n  p a r ­

am eters#

Because o f  bed conduction  and th e  leakage o f  h e a tin g  c u r re n t  

betw een th e  h e a tin g  c o i l  te rm in a ls , a  bed c u r re n t  and v o lta g e  were ob­

serv ed  betw een th e  sample ro d  and a  h e a tin g  le ad s  I t  i s  n o t known to
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w hat e x te n t  t h i s  c u r r e n t  a f f e c te d  g ra p h ite  p la t in g  on th e  samples* A 

h e a tin g  dev ice  t h a t  i s  in s u la te d  from  th e  bed would e lim in a te  c u r r e n t  

leakage  to  th e  bed*

A sy s tem a tic  tim e ta b le  was n o t fo llow ed  a f t e r  each  ru n  so t h a t  

th e re  was some v a r i a t io n  i n  th e  tim e a  sample rem ained in  a  g ra p h ite  

packed bed  b e fo re  m easurements were made* This exposure v a r ia t io n  

could  have r e s u l te d  in  a  p ro c e d u ra l e r r o r  i n  sample w eigh t o r r e s i s ­

tance*  A t r i a l  p ro ced u re  is . n e c e ssa ry  a f t e r ,  as  w e ll  a s  d u rin g , fu ­

tu r e  experim ents o f  t h i s  mature* In c lu d ed  i n  th e  p rocedu re  should  be 

a  un ifo rm  c le a n in g  o f  sample ends and te rm in a ls  b e fo re  measurements*

V a ria tio n s  in  p a r t i c l e  s iz e  measurement may be re g u la te d  b y  

in c re a s in g  th e  number o f  s ie v e  shakes p e r  screen ing*  The p e rcen tag e  

o f  sm a lle r  p a r t i c l e s  t h a t  do n o t f a l l  th ro u g h  a  l a r g e r  s c re e n  opening 

w i l l  d ecrease  w ith  each a d d i t io n a l  shake up to  a  l im i t in g  value*

L i t t l e  i s  m entioned i n  th e  l i t e r a t u r e  concern ing  f lu id iz in g  

g ra p h ite  w ith  helium , so most o f  th e  known d a ta  on g ra p h ite  p la t in g  

comes from  g as-su sp en sio n  w ork, whereby v e ry  sm a ll p a r t i c l e s  -  average 

s iz e  o f  $ m icrons o r  l e s s  -  a re  tr a n s p o r te d  w ith  h ig h  gas v e lo c i t i e s  

and p re s su re s  * In  t h e i r  in v e s t ig a t io n  o f g as-su sp en sio n  c o o la n ts  f o r  

power r e a c to r s ,  W alsh, e t* a l* ,  re p o r te d  the  p la t in g  o f  g ra p h ite  on 

h e a t  t r a n s f e r  su rfa ce s*  M oreover, th e  g ra p h ite  l i t e r a l l y  p i le d  up , o r  

p la te d ,  on some s u rfa c e s  w ith in  pumps, v a lv e s , and l in e s *  The p la t in g  

d if f e r e n c e s  n o ted  betw een t h i s  in v e s t ig a t io n  and th e  su sp ension  in v e s ­

t i g a t i o n  may be ex p la in ed  by c o n s id e rin g  1 ) th e  reduced  gas v e lo c i ty  

and p re s su re  5 2 ) th e  in c re a s e d  p a r t i c l e  s iz e s  |  and 3) th e  low er temp­

e r a tu r e s  compared to  th e  g as-su sp en sio n  d a ta  m entioned above*
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The la c k  o f  a t t r i t i o m  l a  th e  h e a te d  beds te n d  to  confirm  th e  

r e p o r ts  concern ing  th e  e ire m la tio n  o f  bubb les o f  f l u i d  w ith  s o l id  

p a r t i c l e s  in  f l u i d  beds e

The optimum f l u i d i z a t io n  param ete rs  observed i n  t h i s  i n v e s t i -  

. g a tio n  conform in  g e n e ra l to  th e  r e s u l t s  d e sc r ib e d  by  Leva o r  Zenz and 

©thiaero For th e  d i s t r i b u t io n  p la te  design,, a  s l i g h t l y  sm a lle r  ho le  

s iz e  and 2$% more o f  them gave b e t t e r  r e s u l t s  th an  s im i la r  d esig n s  r e ­

p o r te d  b y  Leva0 The r a t i o  o f  co a rse  to  f in e  p a r t i c l e s  d id  mot appear 

as  c r i t i c a l  f o r  good f lu i d i s a t i o n  a s  g iven  in  Zenz and © tim er 's  book; 

howevers th e  charge o f  f in e s  gave poo r r e s u l t s  a s  p re d ic te d *



CHAPTER ?

FUTURE WORK

The experim ent program  sh o u ld  c e n t im e  u n t i l  h e a t in g  sources 

f o r  th e  bed  approach co re  tem p era tu res  a p p ro p r ia te  fo r  a  f lu id i s e d  

g ra p h ite  n u c le a r  re a c to ro  G raph ite  p la tin g j,. p a r t i c l e  s ize *  a t t r i t i o n ,  

and en tra in m en t must be determ inedo

The param ete rs  o f  f l u i d i z a t io n  observed  in  th e se  experim ents 

may be extended to  f u tu r e  w ork, and improvements i n  th e  f l u i d  bed 

should  be attem pted* B a f f le s ,  bed a g i t a t io n ,  and v ib r a t io n  should  be 

t r i e d  to  de term ine  th e  e f f e c t  on f l u i d i z a t io n  q u a l i ty  and on h e a t  

t r a n s f e r  c h a r a c te r i s t i c s  o f  th e  bed* I n  g e n e ra l , an y th in g  t h a t  im­

p roves f l u i d i z a t io n  shou ld  improve th e  bed h e a t t r a n s f e r  d a ta ,  b u t  

th e re  i s  a  s p e c ia l  re a so n  f o r  in v e s t ig a t in g  th e  e f f e c t  o f  b a f f l e s  on 

th e  h ea t-p ro d u c in g  su rfa c e s  i n  th e  bed* Some d e n s i ty  f lu c tu a t io n  i s  

norm al i n  gas f lu id iz e d  b ed s, and t h i s  co u ld  le a d  to  h o t sp o ts  a long  

a  h e a t  e lem en t, e s p e c ia l ly  i f  channeling  were to  occur* B a ff le s  o r  

o th e r  bed a g i t a t io n  m ight c o n tr o l ,  o r l i m i t ,  d e n s i ty  changes and chan­

n e lin g *

The tem p era tu re  l im i t s  o f  th e  g la s s  con tainm ent v e s s e l  have 

been  reach ed , and an i r o n  v e s s e l  o f  fo u r - in c h  in s id e  d iam e te r i s  

a v a ila b le  to  b u i ld  a p p a ra tu s  f o r  h ig h e r  tem pera tu re  work* W ith th e  

h ig h e r  tem p e ra tu re , th e re  w i l l  be a  req u irem en t f o r  v e s s e l  in s u la t io n  

to  in c re a s e  bed tem p era tu res  and to  h a s te n  s tea d y  s t a t e  co n d itio n s*

Equipment improvements and a d d it io n s  shou ld  be made, in c lu d in g



th e  use  o f more therm ocoupless a  pump to  r e c i r c u la te  th e  helium ^ and 

more samples and h e a tin g  so u rc e s0 These would a llo w  g re a tly , in c re a s e d  

o p e ra tin g  tim e s3 improve th e  q u a n t i ty  and q u a l i ty  o f  d a ta  o b ta in e d , 

and f a c i l i t a t e  an  in v e s t ig a t io n  o f th e  f i l t e r i n g ,  p u r i f i c a t i o n , . make­

up , and punping req u irem en ts  f o r  a  com plete gas system s

A f u r th e r  e x te n s io n  o f t h i s  work would be th e  d esig n  and con­

s t r u c t io n  o f a h ig h e r  v e lo c i ty  and p re s su re  system s Such a  dev ice  

m ight b r id g e  th e  gap betw een f l u i d  beds and gas su sp e n sio n s , and i t  

cou ld  a llow  p o s s ib le  c o r r e la t io n s  o f  d a ta  from  e i t h e r  end o f  th e  g a s- 

s o l id s  spectrum®
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OPENING SIZES FOE TILER STANDARD SCREEN SCALE

.

MESH

In ch es

0 P 1 1 I  N G ■ I  N: 

M illim e te rs M icrons

20

ii.2

6©

80

100
115

i5o

0*0328 0 o83i|. 834

0*0138 0*351 351

0*0097 0 o2li6 246

0 aOO69 0=175 175

0o0058 0=1U7 14?

OaOOll9 0=12k 124

OaGOiljl OolOif. 104

0o0029 0=074 742 0 0



4 3

SELECTED BIBLIOGRAPHY

lo  Ast-leys 1 .  Ro “Het-eregeaeoms L a t t ic e  F lu id iz e d  Bed R eac to r 
S tudy^" G eneral. E l e c t r ic  s HW-li.88 .̂7  ̂ March 1957o

2<> B e a e a a tij  Re “Pebble-B ed R eaeter,®  Symposium on P a r t i c le - F lu id  
I n te r a c t io n s 3 TIB-7592s May,, 1 9 5 9 ............................

3o C u rr ie , L 0 M0, H am ister, V0 Go and MacPherson, H0 G„ The Produc­
t i o n  and P r o p e r t ie s  o f  G rap h ite  f o r  R eac to rs  0 The R a t io n a l ........
Carbon Company, 19557” ......... .................................

if,0 Dixon, W ilf r id  J e and Massey, Frank Jo, J r e In tro d u c tio n  to
S t a t i s t i c a l  A n a ly s is0 Hew York, McGraw-Hill Book Company, In c e $ 
1 9 ^  ™

5o F r ie d la n d e r , S 0 Ke “B ehavior o f  a  D ilu te  T u rb u len t Suspension,** 
I n d u s t r i a l  and E n g in e e rin g ' C hem istry , k9°° 1151-6 , 1957«

6© H oel, P au l G0 In tro d u c tio n  to  M athem atical S t a t i s t i c s © 2d e d i­
t i o n ,  Hew York, John W iley and Sons, I n c 0,  1951*°

7o K e lly , Ve P e “H ydrau lic  S tu d ie s  f o r  th e  F lu id -B ed  R eactor,'*  
H uclear Science, and E n g in ee rin g , 10: i|.0-ij., 1961®

8<> Leva, Max® F lu id iz a t io n © lew  York, McGraw-Hill Book Company, 
In c o , 1959®

9® Lmokew, W© K©, Thomas, G© R© and Helms,  T© C© “G as-Suspension 
C oolant Development P r o je c t ,"  Babcock and W ilcox Company, Atomic 
Energy D iv is io n s  BAW-1186, Feb©, I960®

10© M atheson, G© L© and H a ll ,  H© J© U nited  S ta te s  P a te n t  2 ,711 ,387 , 
June , 1955o

11© McAdams, W illiam  H© Heat T ransm ission© 3d ed ition©  lew  York, 
McGraw-Hill Book Company, Inc© , 195k°

12© M il le r ,  D© “F lu id iz e d - le d  S tu d ie s  a t  Argorme,** Symposium on 
P a r t i c le - F lu id  I n te r a c t io n s , TIB-7592, May, 1959« .....................

P o s t , Roy G© F lu id iz e d  M oderator R eac to r Concept© i n  unpub­
l is h e d  paper by  Dr© P o s t ,  D epartm ent o f lu c le a r  E n g in ee rin g , 
U n iv e rs ity  o f  A rizo n a , Tucson, Aug© 2 , 1961©

13o



a
1 fa /v P o s t ,  Roy G» " F lu id iz e d  R e a c to rs£ 11 Symposium, on C u rren t Trends 

in  N uclear Powerc Tucson,, U n iv e rs ity  o f  A rizona and Argomne 
N a tio n a l la b o ra to ry g  F ebo s 1962 a

15o P o s t ,  Roy. Go “R ep o rt o f  In v e n tio n , F lu id iz e d  M oderator Reac­
t o r / 6 G eneral E le c t r ic s  HE-lt95©6 { w  IR -851), A p r i l  2 , 195?o

l 6 0 R eed, To Mo, I I I  and F enske, M® R0 “E f fe c ts  o f  A g ita t io n  on 
• Gas F lu id iz a t io n  o f  S o l id s ," I n d u s t r i a l  and E n g in ee rin g  Chem­

i s t r y ,  It?? 275-82, Feb0,  1955® ’ .................................

17* Rowe, P® No and Waee, Po F® “Gas-Flow P a t te rn s  i n  F lu id iz e d  
B eds,'6 N a tu re , 108: 737-8, I960®

l 8 0 Seheve, M* “l iq u id  F lu id iz e d - le d  R ea c to r,"  Symposium on 
P a r t i c l e - F lu id  I n te r a c t io n s a TIB-7592, May, 1959o • • ■ - - -

19o S eh lu d erb erg , B« 0® "G as-Suspension R eac to r C o o la n ts ,"  Babcock
and W ilcox Company, Atomic Energy D iv is io n : BAW-1182,.Bee®,
1959®

2O0 S to n eb u rn e r, John F e In v e s t ig a t io n  o f  F lu id iz e d  R eac to r Sys­
tems o M aster o f S cience  T h e s is , U n iv e rs ity  o f A rizona , Tucson,
19&L

21® W alsh, E0 Eo, Rhode, G® K®, R o b e r ts , 1 0 M» and S eh lu d e rb e rg ,
I® Go "G as-Suspension C oolants f o r  Power R e a c to rs ,"  Symposium 
on P a r t i c le - F lu id  I n te r a c t io n s ,  TIB-7592, May, 1959® ...............

22 o Zenz, F® A® and Gthmer, B0 F® F lu id iz a t io n  and F lu id - P a r t i c le
System s® New York, R einhold  P u b lish in g  Corp®, -I960® ...............


