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SECTION I*

COKE IN THE BLAST FURNACE,

i n  t h e  I r o n  b l a s t  f u r n a c e  c o k e  s e r v e s  t h r e e  m a in  p u r p o s e s *  

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

n e c e s s a r y  f o r  t h e  c h e m ic a l  an d  p h y s i c a l  r e a c t i o n s  o f  t h e  s m e l t 

i n g  p r o c e s s .

S e c o n d ly  i t  s u p p l i e s  th e  r e d u c i n g  a g e n t  b y  r e a c t i o n  w i t h  w h ic h  

t h e  o x i d e s  o f  i r o n  a r e  m ade t o  y i e l d  t h e  m e ta l*

T h i r d l y  c o k e  i s  g e n e r a l l y  c o n s id e r e d  t o  b e  v e r y  i m p o r t a n t  i n  

m a i n t a i n i n g  h i g h  p e r m e a b i l i t y  o f  th e  b u r d e n  t o  g a s e s ,  i t  b e in g  

t h e  o n ly  m a t e r i a l  c h a r g e d  w h ic h  m a i n t a i n s  i t s  s h a p e  an d  s i z e  

dow n t o  t h e  tu y e r e s *  I t  m u s t a l s o  p l a y  a n  i m p o r t a n t  p a r t  i n  

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

The b e h a v io u r  o f  c o k e  a s  a  r e d u c i n g  a g e n t  n e e d  h a r d l y  b e  d i s 

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

t h e  a g e n c y  o f  c a r b o n  m o n o x id e . D i r e c t  r e a c t i o n s  b e tw e e n  c o k e  

c a r b o n  and  o x id e  o f  i r o n  w i l l  o c c u r  i n  t h e  lo w e r  r e a c h e s  o f  th e  

f u r n a c e  w h e re  th e  o x id e  i s  p r e s e n t  a s  a  c o n s t i t u e n t  o f  a  s l a g  a t  

v e r y  h i g h  t e m p e r a t u r e .  T h e s e  r e a c t i o n s  w i l l  p r o b a b ly  d e p e n d  

r a t h e r  o n  t h e  n a t u r e  an d  c o m p o s i t io n  o f  t h e  l i q u i d  m e l t  a n d  o n  

t h e  t e m p e r a t u r e  t h a n  o n  an y  p r o p e r t y  o f  t h e  c o k e . R e a c t i o n  r a t e s  

w i l l  p r o b a b l y  b e  v e r y  h ig h *

Work done by p e r r o t  and Kinney (1) in  U*S.A. about 1923 

showed th a t  com bustion occurred  in  a  zone ex tend ing  to  about 

lj.0 inches round th e  nose of each  tu y e re .



The s i z e  o f  t h e  z o n e  seem ed  t o  h e  i n d e p e n d e n t  o f  t h e  o p e r a t i n g  

c o n d i t i o n s  o f  b l a s t  p r e s s u r e  an d  (a b o v e  a  m inim um  s i z e )  f u r n a c e  

d i a m e t e r .

in  g en e ra l th e  p a t te r n  i s  th e  same as th a t  found by H iles 

and Mott (2) in  t h e i r  s tu d ie s  o f th e  combustion of coke in  fu e l  

b ed s . The combustion zone may be considered  to  be in  two p a r ts  

d is t in g u is h e d  by gas com position and by the  r e a c t io n s  ta k in g  

p la c e .  In  the  f i r s t  or "o x id iz in g  zone" th e re  i s  f r e e  oxygen 

over 1 f0, n i tro g e n , carbon d io x id e  and a sm all p ro p o rtio n  o f CO.

In  th e  second or " red u c tio n  zone" the  02has been alm ost a l l  com

b in ed , CO2 i s  r e a c t in g  w ith  carbon, and th e  gas com position 

changes r a p id ly  u n t i l  i t  i s  alm ost e n t i r e ly  F2 ancL CO.

The d e t a i l s  of th e  mechanism o f th e  o x id a tio n  of carbon 

a re  r a th e r  obscu re . E arly  work has been review ed by H ile s  and 

Mott (2) who showed how the  conclusions reached  u s u a lly  depended 

on th e  experim enta l co n d itio n s  o p e ra tin g , th e  study  o f combustion 

in  beds appearing  to  be a  p a r t i c u la r ly  u n s a t is f a c to ry  approach 

to  th e  fundam ental mechanism of th e  r e a c t io n s .

perhaps th e  most s a t i s f a c to r y  c o n tr ib u tio n  has been by 

S tricldL and-C onstable (3) who adm itted  oxygen a t  v ery  low p re s s u re  

to  an evacuated bulb co n ta in in g  a h o t carbon f i la m e n t. The low 

p re s s u re  reduced  the  p ro b a b il i ty  of secondary r e a c t io n s  in  th e  

gas which could be considered  a t  low tem p era tu re . The gas was 

ana lysed  when tim e had been allow ed fo r  about th r e e -q u a r te r s  of 

th e  oxygen to  be used  up . Accuracy of a n a ly s is  was r a th e r  low 

b u t i t  was e s ta b lis h e d  th a t  th e  r e a c t io n  was p robab ly  of th e  

f i r s t  o rd e r. He deduced th a t  GO was th e  p ro d u ct o f th e  prim ary



re a c tio n *  This has r e c e n t ly  been confirmed by Loon and sm eets 

(î .) who burned spheres of carbon in  f a s t  stream s of oxygen, th a t  

i s ,  under more "norm al” cond itions*  CO2 m ust, th en , be formed 

by o x id a tio n  o f th e  CO in  th e  gas phase, though p o s s ib ly  very  

c lo se  indeed to  the carbon su rfa c e  and Loon and sm eets suggest a 

" d if fu s io n  la y e r"  enveloping th e  carbon in  which oxygen must p a ss  

th rough  newly formed CO to  re a c h  th e  carbon su r fa c e .

The n e t  e f f e c t s  of th e  prim ary  and subsequent r e a c t io n s  i s  

observed as th e  two zones of combustion d escrib ed  above*

The work o f H iles and Mott covers th e  e f f e c t s  of d i f f e r e n t  

f u e l s  and co n d itio n s  on the  e x te n t and d e f in i t io n  o f th e  two 

zones of combustion and on th e  tem p era tu res  developed* Broadly 

speak ing  "co n d itio n s  o f low r e a c t iv i t y "  — la rg e  s ized  or un

r e a c t iv e  fu e l  l i k e  beehive coke, and low gas v e lo c i t i e s  — p ro 

duced a long  w ell d e fin ed  o x id a tio n  zone c h a ra c te r ise d  by a  very  

h igh  maximum tem peratu re  a t  i t s  boundary* On the  o th e r  hand 

"c o n d itio n s  o f h igh  r e a c t iv i ty "  caused by sm all or h ig h ly  r e 

a c t iv e  fu e l  such as c h a rc o a l, or h igh  gas v e l o c i t i e s  p roducing  

v ery  tu rb u le n t flow  co n d itio n s , gave a sh o r te r  o x id a tio n  zone 

m erging in to  th e  re d u c tio n  zone, a  much lower maximum tem peratu re  

being  developed.

The type of combustion zone formed must depend upon th e  

r e l a t i v e  r a t e s  a t  which th e  fo llo w in g  r e a c t io n s  can p roceed .

(1 ) 2 c + 0 2 ~ 2  CO — prim ary r e a c t io n  a t  C s u r fa c e .

(2) 2 C0 + 0 2 = 2 CO2 — Secondary r e a c t io n  in  gas phase ,

and (3) G + G0 2 ~ 2  CO — Secondary r e a c t io n  a t  c su rfa c e .



At com bustion tem p era tu res  and in  th e  p resence  of f r e e  oxygen, 

b o th  (1) and (2) p roceed  ra p id ly  to  th e  r i g h t .  R eac tio n  (3) 

would be expected to  be in e f f e c t iv e  u n t i l  th e  oxygen was used up, 

f o r  th e  CO formed by i t  would im m ediately en te r  in to  r e a c t io n  (2 ). 

Under H ile s  and Motts c o n d itio n s  of ’’h ig h  r e a c t i v i t y ”, however i t  

would appear th a t  (3) must proceed  s u f f i c ie n t ly  f a s t  th a t  CO and 

O2 can e x i s t  to g e th e r  in  th e  reg io n  where o x id a tio n  and re d u c tio n  

zones merge or o v e rla p . The independent v a r ia b le  c o n tro l l in g  

th e  r e l a t i v e  r a t e s  o f th e se  r e a c t io n s  seems to  be th e  ”r  e a c t i v i t y ” 

o f th e  carbon to  02 and CO2 . This r e a c t iv i t y  may depend on one 

or b o th  of two f a c to r s  — f i r s t l y  th e  chem ical p ro p e r t ie s  o f th e  

su rfa c e  as they  a f f e c t  the  r e a c t io n s ,  and secondly  the  e x te n t of 

th e  a v a ila b le  carbon su rfa ce  and i t s  s p a t ia l  d i s t r ib u t io n .

I t  i s  n o t  c l e a r  t h a t  c h e m ic a l  p r o p e r t i e s  a r e  r e a l l y  i m p o r t a n t  

R e a c t i v i t y  c a n  b e  e n h a n c e d  i n  c o k e  f o r  d o m e s t i c  p u r p o s e s  b y  a d d 

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

w h e th e r  t h e r e  i s  a n y  p r a c t i c a l  d i f f e r e n c e  b e tw e e n  t h e  c h e m ic a l  

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

o r i g i n  b y  t h e  t im e  th e y  r e a c h  t h e  t u y e r e  z o n e  o f  a  b l a s t  f u r n a c e  

see m s d o u b t f u l .  The e x t e n t  o f  t h e  s u r f a c e  a t  w h ic h  t h e  c a r b o n  

may b e  b u r n e d  d e p e n d s  u p o n  t h e  p o r o s i t y ,  an d  o n  t h e  p o r e  s i z e  

d i s t r i b u t i o n  i n  t h e  c o k e . I t  i s  t h e  m a in  p u r p o s e  o f  t h i s  r e 

s e a r c h  t o  f i n d  a  m e th o d  o f  d e t e r m i n i n g  p o r e  s i z e  d i s t r i b u t i o n  a s  

a  f i r s t  s t e p  to w a rd  d e c i d i n g  i t s  im p o r ta n c e  a s  a  f a c t o r  a f f e c t i n g  

t h e  u t i l i t y  o f  e o k e .



The e f f e c t  of th ese  c o n s id e ra tio n s  on b la s t  fu rn a ce  o p e ra tio n  

i s  d i f f i c u l t  to  assess#  consensus o f op in ion  i s  th a t  f u e ls  of low 

r e a c t i v i t y  a re  most d e s ira b le  because they  s u f fe r  l e s s  so lu t io n  

by CO2 in  th e  s ta c k , and develop h ig h e r maximum tem p era tu res  a t  

th e  tu y e re s . High s o lu t io n  lo s s  o f carbon in  th e  s ta c k  i s  of 

course u n d e s ira b le  from th e  p o in t  o f view of therm al e ff ic ie n cy #  

High tem p era tu res  in  th e  tu y e re  zone may have an im portan t e f f e c t  

on th e  l a s t  s ta g e s  in  the re d u c tio n  of th e  oxides o f iro n  and th e  

m e ta l lo id s  and on th e  co n d itio n s  in  th e  h e a rth  a f f e c t in g  s la g -  

m etal r e a c t io n s .  On th e  o th e r  hand th e  t o t a l  volume of th e  very  

h o t zone i s  sm all and the  p o s s i b i l i t i e s  of h ea t t r a n s f e r  down to  

th e  h e a r th  by r a d ia t io n  l im ite d , so th a t  the  im portance of th i s  

f a c to r  may have been exaggerated . Beehive coke o f low r e 

a c t iv i t y  has f re q u e n tly  been used  in  th e  p a s t  as  a  ’'m edicine” fo r  

" s ic k ” b la s t  fu rn aces  b u t i t s  v a lu e  may l i e  in  i t s  s iz e  and 

s t r e n g th  r a th e r  than  in  i t s  r e a c t i v i t y .  R ecen tly  i t  has been 

r e p o r te d  ( 5) th a t  the  u se  of very  low p o ro s ity  coke (o f , presum

ab ly  v ery  low r e a c t iv i t y )  le d  to  u n favourab le  tem pera tu re  

g ra d ie n ts  in  th e  bosh which u p se t the  working of the  fu rn a c e  as 

p re s e n t ly  designed . i t  w i l l  be obvious th a t  the  t r u e  in f lu e n c e  

of f u e l  r e a c t iv i t y  on b la s t  fu rn ace  o p e ra tio n  i s  n o t y e t  p ro p e r ly  

u n d ers to o d .

Supposing however th a t  h ig h ly  u n re a c tiv e  fu e l  I s  d e s ir a b le ,  

what does t h i s  mean in  term s o f th e  p ro p e r t ie s  o f the  coke? 

Chemical r e a c t i v i t y ,  may be expected  to  d im in ish  as th e  coking 

tem pera tu re  i s  r a i s e d .  The a v a i la b le  su rfa ce  w i l l  depend upon

th e  s iz e  of th e  coke a t  th e  tu y e re s  and th e  s iz e  d i s t r ib u t io n



( fo r  sm a lle r  p ie c e s  obv iously  p re s e n t a  g re a te r  a re a  to  g a s e s ) ; 

i t  depends to  a  minor e x te n t on p a r t i c l e  shape; and i t  depends on 

p o ro s ity #

For a  g iven  shape and s iz e  o f coke th e  " v is ib le "  su rfa c e  de

pends d i r e c t l y  upon p o ro s i ty .  I f  th e  p o ro s i ty  i s  50$ th e  su rfa c e  

i s  1 . 5 tim es th a t  o f a  s im ila r  p a r t i c l e  having no p o r o s i ty .  I f  

th e  p o ro s i ty  i s  kOfo o r 60f£, th e  f a c to r  i s  1 . 1+ or 1 .6  r e s p e c t iv e ly .  

As th e se  a re  extrem e v a lu e s  i t  can be sa id  th a t  " v i s ib le ” su rfa ce  

i s  i t s e l f  o f l i t t l e  im portance.

Mott and Wheeler ( 6) have shown however th a t  combustion a f f 

e c ts  th e  o u te r  § th  in c h  la y e r  of th e  coke p ie c e  so th a t  th e  su r

f a c e s  o f p o re s  w ith in  th a t  zone i s  a lso  in v o lv ed . The e f f e c t iv e  

a re a  of in te r n a l  su rfa ce  depends n o t only on t o t a l  p o ro s i ty  b u t 

on p o re  s iz e  or more g e n e ra lly  on s iz e  d i s t r ib u t io n ,  and on th e  

a c c e s s ib i l i ty  of th e  su rfa c e s  of th e se  p o res to  th e  r e a c t in g  g ases . 

Mott and Wheeler ( 6) have a s s e r te d  th a t  th e  p e rm e a b ili ty  o f coke 

i s  n e g l ig ib le  b u t i t  i s  n o t zero  and may w e ll be one of th e  more 

im p o rtan t v a r ia b le s  d i f f e r e n t i a t i n g  cokes of "good" and "bad" 

q u a l i ty .

D iscu ss in g  th e  e f f e c t  of p o ro s ity  p er se  Mott and Wheeler 

have re p o r te d  th a t  h ig h e s t tem p era tu res  were o b ta in ed  from cokes 

o f h ig h e s t p o ro s i ty  — b u t th a t  a c e r ta in  coke o f only i+0fo p o r

o s i ty  a lso  gave v ery  h ig h  tem p era tu res . Recent work a lre a d y  

m entioned however ( 5) su ggests  th a t  in  th e  b la s t  fu rn a ce  a t  any 

r a t e ,  low p o ro s i ty  g iv e s  low r e a c t i v i t y  and h ig h  tem p era tu res , 

and though th e  t r u th  of th e  m a tte r  i s  obviously  in  some doub t, 

th a t  i s  th e  assum ption th a t  w i l l  be made h e re .



7.

p o re  s iz e s ,  fo llo w in g  th e  above assum ption, should be la rg e  

i n  o rd er th a t  th e i r  c o n tr ib u tio n  to  su rfa c e  a re a  be sm a ll. P ores 

should be un-connected  and p e rm e a b ility  low.

The assum ption made must o f course be te s te d  by experim ent, 

and i t  i s  th e  purpose of th e  p re s e n t work to  c o n tr ib u te  to  th e t
s o lu t io n  of th e  many problem s in v lo v ed . I t  i s  g e n e ra lly  co n s id e r

ed th a t  p o ro s i ty  should be h igh . The reaso n  fo r  t h i s  i s  n o t c le a r  

b u t may be concerned w ith  the m ain ta inance of h igh  eoke volume in  

th e  charge w ith  a view to  h igh  p e rm e a b ility  o f th e  burden to  g ases . 

Ho su c c e ss fu l la rg e  s c a le  c o r r e la t io n  o f p o ro s ity  a g a in s t  b la s t  

fu rn a c e  perform ance has been c a r r ie d  o u t. This ta s k  would be very  

d i f f i c u l t  in  view of th e  com plexity of f a c to r s  from which th i s  one 

would have to  be d is t in g u is h e d .

The r a t e  a t  which carbon i s  consumed a t  the  tu y e re s  c o n tro ls  

th e  ou tp u t o f th e  fu rn ace  and i s  l im i te d  by o th e r f a c to r s  than  

th o se  co n sid ered , depending im m ediately upon th e  r a t e  a t  which 

oxygen can be su p p lied  through th e  tu y e re s . This in  tu rn  i s  

l im i te d  by th e  p e rm e a b ili ty  of th e  s to c k  th rough  w hich the  p ro 

d u c ts  o f th e  combustion must escape from th e  tu y e re  zone. P e r

m e a b ility  depends on s iz e  and s iz e  d i s t r ib u t io n  o f " the  m a te r ia ls  

charged and on the  way they se g re g a te  when they come o f f  th e  b e l l .  

As coke com prises between 50fo and 70$  o f th e  burden volume, and as 

coke a lone  m a in ta in s  i t s  s iz e  and shape down to  th e  tu y e re  le v e l ,  

i t  i s  c le a r  th a t  f a c to r s  a f f e c t in g  th e  p e rm e a b ility  of coke beds, 

namely coke s iz e  and s iz e  d i s t r ib u t io n  and th e i r  s t a b i l i t y  a re  of 

g re a t  im portance. Large s iz e  and c lo se  g rad ing  a re  th e re fo re  con



s i d e r e d  t o  b e  d e s i r a b l e .  T h i s  a p p l i e s  e q u a l l y  t o  o r e s  t o o ,  b u t  

a f t e r  t h e y  m e l t  i n  t h e  b o s h  t h e  c o k e  a lo n e  m u s t  b e  s u f f i c i e n t l y  

p e r m e a b le  b o t h  to  a s c e n d in g  g a s e s  an d  t o  d e s c e n d in g  l i q u i d s ,  i t  

s eem s t o  b e  p a r t i c u l a r l y  i m p o r t a n t  t h a t  t h e  p r o p o r t i o n  o f  b r e e z e  

s i z e s  ( u n d e r  §  i n c h )  b e  lo w . s u c h  s m a l l  c o k e  t e n d s  t o  a c c u m u la te  

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

may b e  t o  r e s t r i c t  t h e  p a s s a g e  o f  l i q u i d s  t o  t h e  h e a r t h ,  and  

p o s s i b l y  t o  s c r e e n  i t  f ro m  t h e  h e a t  i n  t h e  t u y e r e  z o n e  t o o .  I t  

i s  n o t  c l e a r  w!$r s u c h  s m a l l  m a t e r i a l  i s  n o t  r a p i d l y  co n su m ed .

S i z e  a n d  s i z e  s t a b i l i t y  c a n  b e  m a in t a in e d  h i g h  o n ly  b y  e n 

s u r i n g  t h a t  t h e  c o k e  i s  ws t r o n g 11 e n o u g h  t o  r e s i s t  t h e  m e c h a n ic a l  

f o r c e s  t o  w h ic h  i t  i s  s u b j e c t e d  d u r i n g  t r a n s p o r t  an d  w i t h i n  t h e  

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

fo u n d  i n  b r o k e n  c o k e  a r e  n o t  u n d e r s t o o d ,  b u t  c l o s e  g r a d i n g  i s  

u s u a l l y  im p o se d  b y  s c r e e n i n g  o u t  f i n e s .

p lq y s ic a l  p r o p e r t i e s  a f f e c t i n g  s i z e  and  s t r e n g t h  a r e  " h a r d n e s s *  

and  f r e e d o m  f ro m  f i s s u r i n g .  To som e e x t e n t  t h e s e  a r e  m u t u a l l y  

in c o m p a ta b l e ,  f o r  h i g h  h a r d n e s s  c a n  b e  a c h ie v e d  b y  em p lo y m en t o f  

h i g h  c o k in g  t e m p e r a t u r e s  w h ic h  u s u a l l y  p r o d u c e  a  s m a l l  h i g h l y  

f i s s u r e d  c o k e . A n o th e r  p r o p e r t y  w h ic h  may b e  i m p o r t a n t  i s  t h e  

s t r u c t u r e  o f  t h e  c e l l s  an d  th e  t h i c k n e s s  o f  t h e i r  w a l l s .  T h e se  

a r e  f u n c t i o n s  o f  p o r o s i t y  an d  i t s  s i z e  d i s t r i b u t i o n .  T he p o s s i 

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

e l a s t i c  m o d u l i  o f  c o k e - c a r b o n  seem s v e r y  r e m o te .

The f o l l o w i n g  sum m ary h a s  b e e n  m ade o f  t h e  p r o p e r t i e s  p r o b a b l y  

d e s i r a b l e  i n  a  good  m e t a l l u r g i c a l  c o k e .
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PHYSICAL PROPERTIES.

S iz e s  L a rg e  w i t h i n  l i m i t s  an d  g r a d i n g  c l o s e .

S t r e n g t h s  H ig h  b o t h  to w a rd  s h a t t e r  an d  a b r a s i o n  t o  k e e p

s i z e  up  a n d  f i n e s  dow n.

R e a l  D e n s i ty ’s H ig h  -  i f  t h i s  m ean s h a r d e r  o r  l e s s  r e a c t i v e  f u e l .

p o r o s i t y s  Low, w i t h  a  v ie w  t o  lo w  r e a c t i v i t y ,  ( T h i s  v ie w

i s  n o t  g e n e r a l l y  a c c e p t e d )

B u lk  D e n s i t y s  Low, b u t  i n  v i r t u e  o f  c l o s e  g r a d i n g ,  n o t  h i g h  

p o r o s i t y .

p o r e
p e r m e a b i l i t y  s Low -  i f  p o s s i b l e  t o  c o n t r o l  i t .

C e l l  W a lls s  p r o b a b l y  d e s i r e d  t h i c k .

CHEMICAL PROPERTIES.

M o i s t u r e ,
S u lp h u r ,  A shs A l l  lo w , a n d  s t e a d y .  The e f f e c t s  o f  t h e s e  o n  

m e t a l l u r g i c a l  l o a d  a r e  l a r g e l y  c a l c u l a b l e .

V o l a t i l e s s  Low -  c o r r e s p o n d i n g  t o  h i g h  d e n s i t y .  B f f e c t  i n  

f u r n a c e  o f  v o l a t i l e s  p e r  s e  i s  p r o b a b l y  s m a l l .

R e a c  t i v i  t y  s Low.

The e x t e n t  t o  w h ic h  t h e s e  p r o p e r t i e s  a r e  s e p a r a t e l y  i m p o r t a n t  

i s  l a r g e l y  a  m a t t e r  o f  c o n j e c t u r e ,  an d  some o f  th em  h a v e  n o t  

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

o n  p o r o s i t y  a n d  i t s  s i z e  d i s t r i b u t i o n  a s  th e y  may a f f e e t  r e 

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

f u r n a c e  p e r f o r m a n c e ,  b u t  w i l l ,  i t  i s  h o p e d  a d v a n c e  to w a rd  t h a t  

e n d .



S ection  2 .

THE SAMPLING- OP COKE.

The aim o f th e  p re s e n t work i s  to  c o n tr ib u te  toward th e  

the b e t t e r  u n d ers tan d in g  o f th e  p ro p e r t ie s  d e s ira b le  in  b la s t  

fu rn ace  coke by a ttem p tin g  to  measure pore s iz e  d i s t r ib u t io n  

and to  d ec id e  w hether i t  i s  r e a l ly  an im p o rtan t f a c to r  and i f  

so , how i t  o p e ra te s .

A ll o f th e  o th e r  p r o p e r t ie s  l i s t e d  a t  th e  end of S ec tio n  1 

except c e l l  w a ll th ic k n e ss  and pore  p e rm e a b ili ty  a re  r e g u la r ly  

determ ined , many on a ro u t in e  b a s is .  A ttem pts to  c o r r e la te  

th e se  p ro p e r t ie s  w ith  b la s t  fu rn ace  perform ance have met w ith  

l i t t l e  su ccess . This i s  in  la rg e  measure due to  th e  in h e re n t 

com plexity of th e  problem  in  which th e  number of v a r ia b le s  i s  

la rg e  and th e i r  degrees of in te r-d ep en d en ce  obscure.

One unavo idab le  d i f f i c u l t y  i s  th a t  coke i s  e s s e n t ia l ly  a 

v ery  heterogenous m a te r ia l  and i s  th e re fo re  su b je c t to  sev ere  

sam pling e r r o r s .  This h e te ro g en e ity  i s  a consequence of the  

method of m anufacture and a lthough  modern coke oven o p e ra tio n  

aims a t  th e  p ro d u c tio n  of th e  most uniform  coke p o s s ib le ,  th e re  

a re  l im i t s  to  what i s  p o s s ib le ,  and th e se  a re  n o t always a t t a i n 

ed.

Exam ination of any oven-load of coke r e v e a ls  a wide v a r i 

a t io n  in  th e  appearance of the  in d iv id u a l p ie c e s . There a re  

d if fe re n c e s  in  co lo u r, s iz e  and shape; ap p a ren tly  in  s t r e n g th  

and in  degree of f i s s u r in g ;  in  p o ro s i ty ;  and in  the g rad a tio n  

of co lo u r from end to  end. N ev e rth e less  th e re  i s  a g en e ra l
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s im i la r i ty  in  th e  p roduct of any one b a t te r y  Which f re q u e n tly  

marks i t  as  a  d i f f e r e n t  coke from o th e rs  made elsew here.

The v a r io u s  d if fe re n c e s  l i s t e d  can each be a t t r ib u te d  to  

one o r more o f  th e  fo llo w in g  causes ,

(1) The tem pera tu re  g ra d ie n t a c ro ss  th e  oven and i t s  v a r ia t io n  

a t  d i f f e r e n t  p a r t s  of th e  oven due to

(a )  boundary e f f e c ts  a t  d o o rs , so le  e t c . ,

(b) d if f e re n c e s  in  th e  pack ing  of th e  charge,

(2) The v a r ia t io n  in  th e  packing o f th e  charge from th e  

bottom  to  th e  top where th e  f a l l  o f the  co a l i s  g r e a te s t  

and l e a s t  r e s p e c t iv e ly  w i l l  have th re e  e f f e c t s .

(a ) The tem pera tu re  g ra d ie n t and hence th e  r a t e  of h e a t

ing  o f th e  charge and th e  p o ro s i ty  o f  th e  p ro d u c t 

w i l l  be  a f f e c te d .

(b) p o ro s i ty  may be a f fe c te d  more d i r e c t ly  by th e  v a ry 

in g  r e s is ta n c e  to  sw e llin g  in  d i f f e r e n t  p a r t s  of the 

charge .

(c) (a )  w i l l  le a d  a lso  to  d i f f e r e n t  f i n a l  tem p era tu res  

in  d i f f e r e n t  p a r t s .

A sm a lle r v a r ia t io n  in  packing  d e n s ity  w i l l  occur from 

end to  end of th e  oven i t  be ing  h ig h e r a t  any le v e l  immed

i a t e l y  under th e  charging h o le s .

(3) A cc id en ta l or unavoidable v a r ia t io n s  in  oven w a ll tem per

a tu r e .

(ij.) The e f f e c t  o f w a ll ta p e r  which though only about 2» i s  

124$ on a 16" oven.



(5) T he p o s s i b i l i t y  of i n a d e q u a t e  m ix in g  of t h e  c o n s t i t u e n t

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

V a r i a t i o n s  a l s o  o c c u r  b e tw e e n  o v e n s  d u e  t o  c h a n g in g  b l e n d ,  

u p s e t s  i n  t im e  s c h e d u le s  a n d  n o rm a l t e m p e r a t u r e  d i f f e r e n c e s .

T h e s e  l o c a l  v a r i a t i o n s  i n  c o k e  q u a l i t y  may h a v e  l i t t l e  

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

a lw a y s  i m p o r t a n t  w hen s a m p le s  a r e  b e i n g  t a k e n  f o r  an y  t e s t .  

S a m p le s  m u s t  b e  t r u l y  r e p r e s e n t a t i v e  o f  t h e  b a t c h  b e i n g  t e s t e d ,  

a n d  t h e  q u a n t i t y  s u b j e c t e d  t o  t h e  t e s t  s u f f i c i e n t  t o  e n s u r e  

t h a t  t h e  m ean  v a l u e  o f  t h e  in d e x  s o u g h t  i s  o b t a i n e d  w i t h  s u i t 

a b l e  a c c u r a c y .  I t  i s  f r e q u e n t l y  i m p o s s i b l e  t o  a t t a i n  a  d e 

s i r e d  a c c u r a c y  w i t h o u t  e m p lo y in g  i n c o n v e n i e n t l y  l a r g e  s a m p le s .  

The s i z e  o f  s a m p le  r e q u i r e d  c a n  u s u a l l y  b e  d e te r m in e d  by  

s t a t i s t i c a l  m e th o d s ,  an d  s a m p l in g  t e c h n i q u e  p l a n n e d  a c c o r d i n g 

l y .  F o r  e x a m p le , i n  d e t e r m i n i n g  t h e  s i z e  d i s t r i b u t i o n  o f  

c e r t a i n  c o k e s  t h e  a u t h o r  fo u n d  t h a t  a  s a m p le  o f  20 i n c r e m e n t s ,  

e a c h  o f  50 -  60 l b .  w e ig h t  —  t h a t  i s  a b o u t  h a l f  a  t o n  o f  

m a t e r i a l —w as n e c e s s a r y  i f  a v e r a g e  s i z e  w as  t o  b e  d e te r m in e d  

c o r r e c t  i  0 * 1 » , a s  t h e  t o t a l  r a n g e  o f  s i z e  b e i n g  o b t a i n e d  w as 

l e s s  t h a n  1 * 0  i n c h ,  i t  w i l l  b e  a p p r e c i a t e d  t h a t  s a m p le  s i z e  w as 

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

a d e q u a te  f o r  r e q u i r e m e n t s  o f  a c c u r a c y .

D a ta  a r e  o f t e n  a v e r a g e d  o v e r  p e r i o d s  o f  a  w eek  o r  a  m o n th  

i n  o r d e r  t h a t  d i f f e r e n c e s  b e tw e e n  p e r i o d s  may b ecom e s i g n i f i c a n t  

a n d  l a r g e  s c a l e  c o r r e l a t i o n  w o rk  m u s t  c e r t a i n l y  b e  o r g a n i s e d  on  

a  l o n g  te rm  b a s i s  i f  r e a l l y  s i g n i f i c a n t  r e s u l t s  a r e  t o  b e  o b t a i n  

ed  . T h e re  i s  p r o b a b l y  w id e  s c o p e  i n  t h e  i n d u s t r y  f o r  t h e
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a p p l ic a t io n  o f  the  more advanced s t a t i s t i c a l  methods p o p u la rly  

known as  " o p e ra tio n a l a n a ly s is " .

The p re s e n t  work has been c a r r ie d  o u t la rg e ly  by c l a s s i c a l  

m ethods, w ith  elem entary s t a t i s t i c a l  sa fe g u a rd s . When new 

methods were being  considered  th e  im portance of sam pling was 

rec o g n ised , p re fe ren ce  was g iven  to  methods which could be 

a p p lie d  to  reaso n ab ly  sm all q u a n t i t ie s  o f broken coke such as 

could be o b ta in ed  from a l a r g e r  " f a i r "  sample by s tan d ard  coning 

and q u a r te r in g  tech n iq u e . Methods in v lo v in g  exam ination of 

specimens — by th e  m icroscope fo r  example — were avoided 

because o f th e  se r io u s  sam pling e r ro r s  in e v ita b ly  in c u rred . The 

d e te rm in a tio n  of ap p aren t d e n s ity  i s  a  n o ta b le  ex cep tio n  to  th i s  

r u l e .  A s u i ta b le  method u s in g  a " f a i r "  sample could n o t be 

found b u t th e  o p p o rtu n ity  was taken  of making a  c a re fu l study of 

th e  sam pling e r ro rs  o b ta in ed .

Throughout th e  work, where e r ro rs  a re  es tim ated  by s t a t i s 

t i c a l  means, they a re  assumed to  be d is t r ib u te d  norm ally  about 

t h e i r  mean M and th e  range  quoted as M±G io (where g = 2  x th e  

stan d ard  d e v ia tio n )  i s  th a t  w ith in  which 95i  of v a lu e s  a re  ex

p ec ted  to  f a l l .  I t  was no t always p o s s ib le  to  apply  th e se  

methods r ig o u ro u s ly  and in  c e r ta in  eases accuracy e s tim a tio n  i s  

l e s s  r e l i a b l e .

The m a te r ia ls  u se d (a rg 2 jn  t h i s  r e s e a r c h , l i s t e d  below in  

Table I  w ith  code irumbers and n o te s  on t h e i r  o r ig in . Sanp ling  

was n o t under co n tro l a s  cokes were o rd ered  by l e t t e r  from 

v a r io u s  p a r t s  o f the  coun try . The s e le c t io n  i s  g eo g rap h ica lly  

f a i r l y  w ide, b u t th e  s im i la r i ty  among I , I I ,  and IV on th e  one



hand and VI and VII on th e  o th e r  may be u s e fu l  in  r a i s in g  the  

s ig n if ic a n c e  of any d if fe re n c e s  found between th e se  groups. I t  

was hoped th a t  th e  in c lu s io n  o f a beeh ive coke m ight y ie ld  in 

fo rm atio n  on th e  a lle g e d  s u p e r io r i ty  o f th a t  type as a m e ta l l

u r g ic a l  f u e l .  The o th e r im portan t d if fe re n c e s  a re  th a t  VI was 

made in  r a th e r  o ld  wide ovens and th a t  I I  was of very  low ash  

co n te n t, coke p had v ery  la rg e  p o res  and was included  as an 

extrem e case o f a  porous m a te r ia l l i k e  coke, w hile  th e  Quartz Q 

r e p re s e n tin g  th e  o th e r  extrem e, has been employed a t  v a r io u s  

s ta g e s  of th e  work as a stan d ard  non-porous m a te r ia l .

A p re lim in a ry  to  the  measurement of pore  s iz e  d is t r ib u t io n  

must be th e  d e te rm in a tio n  o f ab so lu te  p o ro s i ty .  This has le d  to  

in v e s t ig a t io n s  in to  th e  measurement of apparen t and r e a l  d e n s i

t i e s  and to  an a ttem p t to  measure the apparen t d e n s ity  o f sm all 

p a r t i c l e s  (as  opposed to  t h e i r  r e a l  d e n s ity )  by a  new method 

d is p la c in g  a  p l a s t i c  m a te r ia l .  This p a r t  o f the re s e a rc h  i s  

re p o r te d  in  p a r t  I I .

in  p a r t  I I I  a re  considered  v a r io u s  methods which have been 

in v e s tig a te d  fo r  th e  d e te rm in a tio n  o f po re  s iz e  d i s t r ib u t io n ,  

in c lu d in g  the  su c c e s s fu l »counting" method in  S ec tio n  10. The 

r e s u l t s  o f th ese  experim ents and th e  in fe re n c e s  drawn from them 

a re  d iscu ssed  in  P a r t  IV, w h ile  in  th e  A PPe^ix  some su b s id ia ry  

work on s ie v in g  and th e  d e t a i l s  o f  th e  r e a l  d e n s ity  in v e s t ig a t io n  

a re  r e p o r te d .
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TABLE I .  -  L i s t  o f M a te ria ls  Examined.

Code Ho. Sour ce ipp earance .

I S c o t t i s h  b l a s t  fu rn ace  coke from D ull

lo c a l  co a ls  b lended 15^ Durham co a l. B lack

I I S c o t t i s h  E lec tro d e  coke from low v o l

a t i l e  coal washed to  g ive v ery  low ash

Blocky, hard 
s i lv e r y .

i

I I I As I I  b u t re c e iv e d  a  y ear e a r l i e r  

(Appendix A only)

As I I .

IT S im ila r  to  I .  O btained from same ovens D u ll

abou t one y ear l a t e r . b la ck .

V South Welsh b la s t  fu rn a ce  coke. S ilv e ry .

VI Durham foundry coke from 201’ ovens. S ilv e ry  b u t 
b la ck  in n e r  

ends.

V II Durham beeh ive  coke. Mixed.

p p a r a f f in  coke from sh a le  o i l
re s id u e s .

V itreo u s
b la ck .

Q Mined q u artz  w ith  sm all p ro p o rtio n  

of m uscovite p re s e n t.

C Household c o a l.



Part Twe.

THE POROSITY OP COKE.

I



SECTION 3 *

THE ORIGIN OF PORES.

B e f o r e  d i s c u s s i n g  t h e  m e a s u re m e n t o f  p o r o s i t y  a  s h o r t  

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

e s p e c i a l l y  a s  t h e  r e s u l t s  o f  t h e  r e s e a r c h  do  H ave a n  im 

p o r t a n t  b e a r i n g  o n  c o k in g  m e c h a n ism .

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

m e e h a n ism  o f  c o k in g  and  t h i s  i s  n o t  a t  p r e s e n t  w e l l  u n d e r s t o o d .  

G e n e r a l l y  a c c e p t e d  th e o r y  s u g g e s t s  t h a t  c o k in g  c o a l s  becom e 

s o f t  b e tw e e n  350° and  i*.50°C d u e  to  t h e  " m e l t i n g 11 o f  som e e a s i l y  

f u s i b l e  c o m p o n e n ts  o r  d e c o m p o s i t i o n  p r o d u c t s  ( o f  unknow n n a t u r e )  

an d  d i s p e r s a l  o f  t h e  i n f u s i b l e  p a r t  i n  t h e  m e l t  t o  fo rm  som e 

s o r t  o f  c o l l o i d  o f  p l a s t i c  c o n s i s t e n c y .  F u r t h e r  d e c o m p o s i t io n  

o f  t h e  f u s i b l e  m a t e r i a l  i s  t h e n  s u p p o s e d  t o  fo rm  g a s e o u s  p r o 

d u c t s  w h ic h  fo rm  b u b b le s  an d  c a u s e  t h e  c o k e  t o  s w e l l  i f  t h e  

g a s e s  e v o lv e  f a s t e r  t h a n  th e y  c a n  e s c a p e  f ro m  t h e  m a s s .  

E l i m i n a t i o n  o f  t h e  f u s i b l e  c o m p o n en t b y  d e c o m p o s i t io n  l e a d s  t o  

r e - s o l i d i f i c a t i o n  o f  t h e  s w o l l e n  c h a r  w i t h  e n h a n c e d  c a r b o n  co n 

t e n t .

R e c e n t l y  B e r k o w i tz  ( 8 )  h a s  c r i t i c i z e d  t h i s  t h e o r y  a d v e r s e l y  

m a in ly  o n  t h e  g r o u n d s  t h a t  t h e r e  i s  n o  e x p e r im e n t a l  e v id e n c e  o f  

t h e  f u s i b l e  co m p o n en t an d  t h a t  i n  a n y  c a s e  c a r b o n i z i n g  c o a l  d o e s  

n o t  r e a l l y  b e h a v e  a s  i f  s u c h  a  co m p o n en t w e re  f o r m e d .  I n  p a r 

t i c u l a r ,  h e  s a y s ,  t h a t  i n i t i a l  m e l t i n g  o f  t h e  co m p o n en t w o u ld  

b e  e x p e c te d  t o  b e  a c c o m p a n ie d  b y  a  s h r i n k a g e  a s  t h e  l i q u i d  

o c c u p ie d  t h e  p o r e  s p a c e  w h ic h  i s  a b o u t  5 $  o f  t h e  v o lu m e  o f  a  

c o k in g  c o a l .
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He p r o v i d e s  a n  a l t e r n a t i v e  t h e o r y  w h ic h  i s  c o m p a t ib le  

w i t h  t h e  know n b e h a v io u r  o f  c o a l s  o f  d i f f e r e n t  r a n k  a n d  

a p p e a r s  m o re  a c c e p t a b l e ,  th o u g h  l a c k i n g  r i g o r o u s  p r o o f .

S o f t e n i n g  i s  e x p l a i n e d  a s  b e i n g  s i m i l a r  t o  t h a t  o f  p o ly m e r i c  

p l a s t i c s  -  f o r  w h ic h  s u g g e s t i o n  t h e r e  i s  som e e m p i r i c a l  e v id e n c e .  

Gras e v o l u t i o n  i s  s t i l l  c o n s id e r e d  t o  b e  d u e  t o  d e  coup  o s  i t  i o n  o f  

c o a l  m a t e r i a l  b u t  t h e  s i z e  o f  p o r e s  fo rm e d  i n  t h e  c o k e  d e p e n d s  

o n  t h e  d e g r e e  t o  w h ic h  t h e  c o a l  h a s  s o f t e n e d  an d  o n  t h e  p o r e  

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

c o n s t r i c t e d  a n d  h e n c e  l e s s  p e r m e a b le  t o  g a s e s ,  i n  t h e  s o - c a l l e d  

c o k in g  c o a l s  t h a n - i n  t h o s e  o f  h i g h e r  o r  o f  lo w e r  r a n k ,  and  t h e  

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

g a s e s  b e in g  e v o lv e d  f a s t e r  t h a n  th e y  c a n  e s c a p e  v i a  t h e  e x i s t i n g  

p o r e  s y s te m . H o n -c o k in g  c o a l s  do  n o t s w e l l  an d  do  n o t  d e v e lo p  

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

b e c a u s e  t h e  v o l a t i l e s  c a n  e s c a p e  e a s i l y  t h r o u g h  a  p e r m e a b le  p o r e  

s y s te m  i n  t h e  c o a l .

I n  t h i s  e x p l a n a t i o n  p o r e s  a r e  d e p i c t e d  a s  b e i n g  fo rm e d

w i t h i t h e  p a r t i c l e s  o f  c o a l ,  s o f t e n i n g ,  h o w e v e r , co m b in ed  w i t h

t h e  m e c h a n ic a l  p r e s s u r e s  d e v e lo p e d  d u e  t o  s w e l l i n g  i n  a  c o n f i n e d

s p a c e  m u s t  p ro m o te  t h e  c o a l e s c e n c e  o f  t h e  c o a l  p a r t i c l e s  an d

t h i s  p r e s e n t s  t h e  p o s s i b i l i t y  t h a t  b u b b l e s  fo rm  a l s o  b e tw e e n

t h e  o r i g i n a l  c o a l  p a r t i c l e s .  I n d e e d  B angham , McKee an d  p i r a n i  
{ $ )  h a v e  show n b y  h e a t i n g  t o g e t h e r  g ro u n d  g l a s s  an d  a l k a l i n e

e a r t h  c a r b o n a t e s  t h a t  i f  t h e  g l a s s  s o f t e n s  b e f o r e  t h e  s a l t  d e -  

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



I t  seems p ro b ab le  th a t  b o th  mechanisms o p era te  and th a t  

t h e i r  r e l a t i v e  im portance w i l l  depend on th e  r e l a t i v e  r a t e s  

o f so f te n in g  and gas ev o lu tio n . The p o re  s iz e  d i s t r ib u t io n  

o b ta in ed  w i l l  be shown to  be com patib le w ith  th i s  su g g es tio n .



SECTION k*

THE APPARENT DENSITY OP COKE (%).

19.

The l i t e r a t u r e  on th e  measurement o f th e  apparen t d e n s ity  

of coke has been reviewed by R e if  (1 0 ). The meaning o f th e  term  

as i t  a p p l ie s  to  porous m a te r ia l i s  d isc u sse d , and i t  i s  very  

p ro p e r ly  d e fin e d  a s  " th e  r a t i o  o f th e  mass to  th e  geom etric 

volume o f a  r e p r e s e n ta t iv e  cube o f the  m a te r ia l1'.  Thus any porous 

m a te r ia l  w ith  a d e f in i t e  upper l im i t  of po re  s iz e  has a d e f in a b le  

ap p aren t d e n s ity  b u t i t s  measurement depends on th e  p ro d u c tio n  o f 

a  " r e p re s e n ta t iv e  cube". This sample need n o t be cu b ic . Any 

geom etric  form bounded by "smooth" su rfa c e s  would be eq u a lly  

s u i ta b le .  The e s s e n t ia l  f e a tu r e  i s  th a t  th e  volume can be 

u n ique ly  d e f in e d .

The su rfa c e  of broken coke i s  n o t "smooth" in  the s p e c ia l  

sense th a t  th e  rim s of the  open p o res  a re  n o t u n ip lan a r so th a t  

th e re  i s  no un ique d e f in i t io n  of th e  bounding su rfa c e  o f th e  

p a r t i c l e ,  and hence i t s  volume i s  u n c e r ta in . This u n c e r ta in i ty  

i s  p ro p o r tio n a te ly  l e s s  f o r  l a r g e r  p a r t i c l e s  and ten d s to  ze ro  

fo r  p a r t i c l e  of i n f i n i t e  s iz e .  A r e p re s e n ta t iv e  cube may be r e 

garded as a  p o r t io n  of an i n f i n i t e  p a r t i c l e  such th a t  i f  an 

i n f i n i t e  number of s im ila r  cubes were b u i l t  in to  a s in g le  mass 

th e  app aren t d e n s ity  would n o t be a l te r e d .

A part from th e  "boundary" e r ro r s  d esc rib ed  above, th e  

measurement of Da i s  su b je c t to  sam pling e r ro r s ,  s iz e  d eg rad a tio n  

e r ro r s  and th e  e r ro r  of d e te rm in in g  f i s s u r e  volume as pore volume.
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Sampling e r ro r s  can be reduced to  any d e s ire d  l e v e l  by ta k in g  

more and more p ie c e s  in  th e  sam ple. For convenience t h i s  u s u a lly  

means ta k in g  sm alle r p ie c e s  b u t i t  i s  n o t always p r a c t ic a b le  to  

do so . Small p ie c e s  of coke are  su b je c t to  a v a rian ce  due to  

p o s i t io n  in  th e  o r ig in a l  p ie c e s ,  so th a t  the  number of sm all 

p ie c e s  must be la rg e  enough to  cancel th i s  new e r r o r .

S ize  d eg rad a tio n  e r ro r s  a re  n e g l ig ib le  as  lo n g  as th e  p ie c e s  

a re  much la r g e r  than  the  l a r g e s t  p o re s .

F is s u re  e r ro r s  can be minim ized only by r e je c t in g  bad ly  f i s s 

u red  p ie c e s  from th e  sample and th a t  u s u a lly  l im i t s  the  s iz e  of 

p ie c e s  th a t  can be u sed .

The normal method o f d e te rm in in g  Da i s  by a  soaking or b o i l 

in g  method which may be a p p lie d  e i th e r  to  h a l f  oven w id th  p ie c e s

( 6) or to  broken lumps o f 3« -  4 11 s iz e  ( 7 ) .  B r ie f ly ,  a  weighed 

mass o f coke i s  soaked in  w ater and then  re-w eighed  in  w ater and 

aga in  in  a i r  a f t e r  d ra in in g . From th ese  th re e  w eights the  

ap p aren t d e n s ity  can be c a lc u la te d .

R e if has shown th a t  such  methods a re  v ery  in a c c u ra te , y ie ld 

in g  v a lu e s  5 o r 6 p e r cen t h ig h er than  th o se  o b ta in ed  by a 

«geom etric» method. The d isc rep an cy  i s  due to  th e  f a i l u r e  of th e  

w a te r /a i r  in te r f a c e  a f t e r  d ra in in g  to  co in c id e  w ith  the  s t a t i s 

t i c a l l y  " tru e "  boundary o f the  lumps. I f  the  p o s i t io n  of th e  

su rfa c e  as d e fin e d  by th e  w a te r /a i r  in te r f a c e  under (more or le s s )  

s tandard  co n d itio n s  i s  in  e r ro r  by say th en  th e  e r ro r  in

d e n s ity  w i l l  depend upon s iz e ,  being  fo r  lumps; 9f0 f o r  

2 ” lumps; and 18$  f o r  1»» lum ps. This e r ro r  i s  severe  and 

c e r ta in ly  d isco u rag es  a ttem p ts  to  measure Da on sm all p ie c e s ,
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no m a tte r  how much b e t t e r  the  sam pling may b e .

I t  was dec ided  to  work d i r e c t ly  from R e if *s d e f in i t io n  and 

en^loy th e  fo llo w in g  geom etric  method. About 25 p ie c e s  of coke 

were tak en  from th e  g ro ss  sample as randomly as p o s s ib le  b u t 

badly  f i s s u r e d  p ie c e s  being  r e je c te d .  A specimen was cu t from 

each p ie c e  w ith  a diamond edged c u t t in g  d is c .  The specimen was 

to  be  bounded by p la n e  s u r fa c e s ; was to  be as la rg e  as p o s s ib le  

from th e  p a re n t p ie c e ;  and free; of a l l  b u t the  f i n e s t  f i s s u r e s .  

These specim ens were d r ie d , d u s ted  and weighed, and th en  soaked 

in  ho t p a r a f f in  wax, taken  out and coo led . A re -d ip  in  coo ler 

wax was u s u a lly  n ecessa ry  in  o rd er th a t  each p ie c e  should be com

p le te ly  enveloped and th e  wax firm ly  a t ta c h e d  to  th e  coke su rfa c e .

A r a z o r  b lad e  was th en  used to  c lean  o f f  th e  excess wax down to  th e  

le v e l  of th e  p la n e  su rfa c e s  bounding th e  specim ens. The volume of 

th e  coke was then  determ ined by th e  d isp lacem ent o f m ethylated  

s p i r i t s  from a Eureka can. A lcohol was used  in  p re fe re n c e  to  

w ater because (a) some p ie c e s  of coke f lo a te d  in  w ater and (b) 

a i r  bubb les were l e s s  l i k e ly  to  c lin g  e s p e c ia lly  where i t  had 

been n ecessa ry  to  c lean  wax ou t of a  s l i g h t  f i s s u r e  on th e  coke 

s u r fa c e .

T his techn ique avo ids boundary e r ro r s  and d eg rad a tio n  e r ro rs  

a -lm o st e n t i r e ly ,  and f i s s u r e  e r ro r s  are  b e liev e d  to have been r e 

duced to  a minimum. The ap p a re n tly  crude measurement of volume 

was su b je c te d  to  r e p e t i t i v e  checking and found to  g ive good re p ro 

d u c i b i l i t y .  The p ie c e s  used  had each a  volume of 50 -  100 com. 

and the  p ercen tag e  e r ro r  in  th e  measured volume of 25 o f them was
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very  sm a ll. The sam pling e r ro r  however has been found to  be 

v ery  la rg e ,  in c o rp o ra tin g  no doubt th e  v a ria n c e  due to  th e  

p o s i t io n  o f th e  specimen in  th e  o r ig in a l  p ie c e , and th a t  o f the 

p ie c e  in  th e  oven, (n o t to  m ention the  d if fe re n c e s  between ovens).

The o v e ra l l  v a r i a b i l i t y  was examined by d e te rm in in g  th e  

ap p aren t d e n s i t ie s  o f in d iv id u a l p ie c e s  of th e  sam ples of IV  and 

V II#  The d a ta  o b ta in ed  a re  p re se n te d  in  Table I I  which in d ic a te d  

th a t  e r ro r s  a re  p robab ly  d i s t r ib u t e d  norm ally  and th a t  when a 

sample o f 25 p ie c e s  i s  used  as suggested  th e  mean v a lu e  of Da i s  

s u b je c t  to  an e r ro r  o f '2 .3$# To h a lv e  t h i s  e r ro r  i t  would be 

n ecessa ry  to  p re p a re  100 specimens] This confirm s R e i f ’ s a n a l

y s i s  o f Mott and W heeler1 s d a ta  on some 900 f u l l  le n g th  p ie c e s  

r e p re s e n tin g  200 v a r i e t i e s  from which th e  corresponding  re p ro 

d u c ib i l i t y  in  Da from a sample of 25 p ie c e s  has been c a lc u la te d  

to  be 2.-2$.

The m agnitude o f e r ro r  o b ta in ed  i s  in  i t s e l f  of co n s id erab le  

im portance as i t  i s  im p o ssib le  to  env isage a  more a c c u ra te  d i r e c t  

method fo r  d e te rm in ing  apparen t d e n s ity , than  th a t  d e sc r ib e d  

above. The u se  o f l a r g e r  p ie c e s  would reduce sam pling e r ro r s  a t  

th e  expense o f f i s s u r e  e r r o r s .  The u se  o f a  s ig n i f ic a n t ly  la rg e r  

number o f p ie c e s  would be j u s t i f i e d  only  in  very  s p e c ia l  cases  

such as  th e  c a l ib r a t io n  of some i n d i r e c t  method.



T a b le  j i .  -  The A c c u ra c y  o f  D _ #
■i ■■ • ■ a

j

C oke i n d i v i d u a l  V a lu e s  o f  Ba .
M ean

Da
S t d .
D ev .

*  +
E r r o r

IV

0.746

0 .8 0 0

0 . 8 1 4 , 0 . 818 , 0 .8 2 3

0 . 830 , 0 . 843 , 0 .8 4 8

0 .8 5 0 ,0 .8 5 4 ,0 .8 5 5 ,0 .8 5 6 ,0 .8 6 4 ,0 .8 7 4 .

0 . 8 7 5 ,0 .883 , 0 . 888 , 0 .890•

0.910 .

1.005

0 . 8 6 2 . 0.056 ±2.3#

V II

0.786.

0 .8 3 4 ,0 .8 4 0 ,0 .8 4 8 .

0 .8 5 0 ,0 .8 5 9 ,0 .8 6 5 .

0 .900 .

0 .934 ,0 .935 .

0.865 0.043 12 . 0 /.

On a  s a m p le  o f  25 p i e c e s .

The v a l u e s  o f  Da  o b t a i n e d  f o r  t h e  c o k e s  e x a m in e d  a r e

g iv e n  i n  T a b le  I I I .  T he c o k e s  s e l e c t e d  h a v e  a  w id e  r a n g e  o f

a p p a r e n t  d e n s i t i e s  w h ic h  c a n  b e  d e d u c e d  f ro m  l a t e r  d a t a  
d u e  t o  w id e  d i f f e r e n c e s  b o t h  i n  p o r o s i t y  an d  i n  r e a l  d e n s i t y .



TABLE I I I . -  Apparent D e n s i t ie s  and th e i r  R e la tio n sh ip  

w ith  Bulk D e n s i t ie s .

Coke I
!'
i i i

I IV

i
; V
1

VI V II P Q

■°a 0.88
i

j 0.78 | 0o86i j 0.92 0.995 0.88 0.54 2.65

Db - j o.i+55 io .5o5
i

j 0.514- 0.56 0.495 0.305 1.43

R V D b - 11.72 ! 1.71I. 1 — —

11.71 1 .7 8 1.78 1.77 1.85

The developm ent o f a  method in  which a f a i r  sample of broken 

coke could be u sed  would be very  d e s i r a b le ,  and a  s u i ta b le  i n 

d i r e c t  method which could be c a l ib r a te d  by th e  above d i r e c t  

method can now be su g g ested . in  Table I I I  are  g iven the  v a lu es  

of b u lk  d e n s ity  (Db ) and a r a t i o  R = Da/Dt). The d e te rm in a tio n  of 

Db i s  th e  su b je c t of S ec tio n  11, and th e  v a lu e s  g iven  a re  those  

o b ta in ed  from la rg e  s iz e s  (above \  in  eh) of each coke, where Db 

i s  p r a c t i c a l ly  independent of s iz e .  The r a t i o  R i s  n o t q u ite  

co n s tan t and may depend upon the shape o f th e  coke p a r t i c l e s ,  as

i s  d isc u sse d  in  S ec tio n  12. N e v e rth e le ss , i f  the  mean v a lu e  of 
R== 1.74- i s  used, then  v a lu es  of

Db a re  a l l  w ith in  y/0 o f th e  v a lu e s  o b ta in ed  by d i r e c t

m easurement. When i t  i s  remembered th a t  v a lu es  o f Da a re  them

se lv e s  l i a b l e  to  a sam pling e r ro r  o f over 2$, i t  seems p ro b ab le  

th a t  the  sim ple r e la t io n s h ip  Da =R Db could p ro v id e  th e  b a s is  of 

a  s u i ta b le  in d i r e c t  measurement of ap p a ren t d e n s ity . Accuracy 

b e t t e r  th an  ± 3$ would have to  be assu red  of course b u t could 

p robab ly  be a t ta in e d  by s ta n d a rd iz a tio n  o f method and c a re fu l 

d e te rm in a tio n  of th e  b e s t  v a lu e  of R under the  standard  con



d itio n s . R* might be made more constant fo r d if fe re n t  cokes 

by modifying the p a r t ic le  shape by trommelling the sample.



SECTION 5 .
THE REAL DENSITY OF COKE (Dr ) .

I t  i s  obvious th a t the to ta l  po ro sity  of coke can be ca l

culated from the values of i t s  apparent and re a l  d e n s it ie s . The 

re a l  density  of a porous m ateria l may be defined as the r a t io  of 

i t s  mass to i t s  volume excluding the volume of a l l  pores# The 

measurement of re a l  density  thus defined therefore depends upon 

the p o s s ib i l i ty  of f i l l i n g  a l l  the pores w ith a su ita b le  d is 

placement flu id#

previous stud ies of r e a l  density  determ ination have shown 

th a t pores e x is t of s izes probably down to molecular dimensions 

and th a t to f i l l  them is  not an easy matter* D ensities  obtained 

by displacement of helium are generally  accepted as being most 

nearly  co rrect but th a t method was not av a ilab le . The use of 

liq u id  displacement media have never been found very sa tis fa c to ry  

as d if fe re n t  l iq u id s  give d if fe re n t  values of density  fo r the 

same coke. U n til recen tly  no sa tis fa c to ry  theory had been put 

forward to explain irre g u la r  r e s u l ts  obtained.

A se r ie s  of experiments has been ca rried  out to determine 

i f  possib le  the most su itab le  method of measuring Dr  fo r the 

purposes of th is  in v es tig a tio n  of p o ro sity . As the d e ta i ls  of 

these experiments and most of the conclusions drawn are i r r e le 

vant to the main theme of the research  the account of them has 

been put in to  an appendix (A). The important conclusions and 

re s u l ts  are summarized below.
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(1) I t  was confirmed, by in ference, th a t  very small pores 

possib ly  down to molecular dimensions, do e x is t in  coke.

(2) The method p re fe rred  as giving the most consisten t r e s u l ts  

from coke to  coke i s  th a t using benzene as the displacement 

medium a f te r  a degassing treatm ent a t  500°C. The values thus 

obtained may be ra th e r  lower than by helium displacement but 

the discrepancy i s  probably small and very sim ilar from one coke 

to another.

(3) The values of the re a l  d e n s itie s  of the cokes studied as 

obtained by the p re fe rred  method are given in  Table IV along w ith 

r e a l  d e n s itie s  of Quartz, p a ra ff in  coke and Coal obtained by d is 

placement of w ater.

Table IV -  Real D ensities to be employed in  p o ro sity  C alculations

M aterial. Method Density (gm./ccm)

Coke I Evacuation and Benzene 1.88

Coke I I * t • » • • 1 .9 k

Coke IV • • • • • • 1.885

Coke V • « • • • • 1.965
Coke VI : : s 2.01

Coke VII i 5 S 1.88

Coke p B oiling w ith Water i . k k S

Quartz q J 1 2 2.65

Coal C : : t 1.33
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SECTION 6.

I n t e r m e d i a t e  D e n s i t i e s  b y  D ia k o n  D is p la c e m e n t  (D a)

The p r e s e n c e  o f  m in u te  p o r e s ,  p o s s i b l y  o f  m o l e c u l a r  d i 

m e n s io n s  h a s  b e e n  i n f e r r e d  f ro m  t h e  r e s u l t s  o f  t h e  e x p e r im e n t s  

on  r e a l  d e n s i t y  o f  c o k e .

When th e  p o r e  s i z e  d i s t r i b u t i o n s  r e p o r t e d  l a t e r  w e re
»wwl

measured i t  was found th a t no pores sm aller than O.Oij. were 

being detected* the same time i t  could be deduced th a t the 

(counting) method used was probably f a i l in g  to record, a small 

p roportion  of the p o ro sity .

T h e se  c o n s i d e r a t i o n s  p o i n t e d  t o  t h e  d e s i r a b i l i t y  o f  i n 

v e s t i g a t i n g  t h e s e  s m a l l e s t  p o r e s .  I t  w a s  d e c i d e d  t o  a t t e m p t  t o  

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

d e te r m in e  t h e  a m o u n t o f  a n y  s u c h  p o r o s i t y  t h a t  i t  m ig h t  co n 

t a i n .  The f o l l o w i n g  m e th o d  w h ic h  h a s  b e e n  d e v e lo p e d  em p lo y s  

d i a k o n  a s  t h e  d i s p l a c e m e n t  m ed ium .

Diakon i s  a therm oplastic m aterial which can be moulded 

w ith high p ressu re  a t  tem peratures of 120 -  l k 0 °  C, and which i s  

used fo r mounting specimens fo r m etallographic examination. I t  

i s  used here as the displacement medium In density  determ ination 

in  the b e lie f  th a t i t  does not p ene tra te  the f in e s t  pore s tru c t

ure of the coke.

One g ram  o f  c o k e  ( o r  a  s i m i l a r  v o lu m e  o f  o t h e r  m a t e r i a l s )  

w as m ix e d  w i t h  a b o u t  8 ccm . o f  d i a k o n  p o w d e r and  p l a c e d  i n  a  1 "  

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

a b o v e  an d  b e lo w . The m i x t u r e  w as  m o u ld e d  a t  lj.000 l b * p e r  s q u a r e  

i n c h  p r e s s u r e  a p p l i e d  a s  t h e  m ou ld  h e a t e d  u p  f ro m  90° t o  130°C
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a n d  m a i n t a i n e d  d u r i n g  c o o l i n g  b a c k  t o  kO°G» The d e n s i t y  o f  t h e  

c o m p o s i te  m o u ld in g  w as fo u n d  b y  t h e  m e th o d  o f  A rc h im e d e s .  The 

d e n s i t y  o f  d i a k o n  a l o n e  p r e p a r e d  i n  t h e  sam e way w as  d e te r m in e d  

s e p a r a t e l y ,  an d  t h e  v a l u e  o f  t h e  d e n s i t y  Dd o f  t h e  c o k e  b y  t h e  

d i s p l a c e m e n t  o f  d i a k o n  w as  c a l c u l a t e d .  D e n s i t i e s  w e re  a d j u s t e d  

t o  t h e  b a s i s  o f  t h a t  o f  w a t e r  a t  25°C  e q u a l  t o  o n e  t o  b e  i n  l i n e  

w i t h  t h e  r e a l  d e n s i t y  d a t a .  The a v e r a g e  o f  f o u r  t e s t s  w as show n 

t o  b e  n e c e s s a r y  t h a t  t h e  a c c u r a c y  o f  t h e  m ean s h o u ld  b e  w i t h i n  

t l / 2 <f0 -  a s  i t  i s  f o r  r e a l  d e n s i t y .

The d a t a  o b t a i n e d  i n  a  s e r i e s  o f  e x p e r im e n t s  u s i n g  t h i s  

m e th o d  a r e  c o l l e c t e d  i n  T a b le  V.

The f i g u r e  o b t a i n e d  f o r  t h e  d e n s i t y  o f  q u a r t z  d e m o n s t r a t e s  th e  

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

o f  p e n e t r a t i o n  o f  d i a k o n  i n t o  p o r e s  u n d e r  t h e  c o n d i t i o n s  o f  t h e  

t e s t  m u s t b e  d e d u c e d  f ro m  a  s tu d y  o f  t h e  d a t a  o b t a i n e d .  The 

v a l u e s  o b t a i n e d  f o r  c o k e  a r e  a l l  c o n s i d e r a b l y  lo w e r  t h a n  t h e  

r e a l  d e n s i t y  f i g u r e s ,  sh o w in g  t h a t  t h e r e  a r e  som e p o r e s  w h ic h  

h a v e  n o t  b e e n  p e n e t r a t e d .  I t  i s  i m p o r t a n t  t h a t  t h e  n a t u r e  o f  

t h e s e  b e  d i s c o v e r e d ,  an d  p a r t i c u l a r l y  w h e th e r  t h e y  a r e  b e in g  

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

D ia k o n  h a s  a  v e r y  l a r g e  m o l e c u l e ,  b e i n g  a  p o ly m e r  o f  

m e th y l  m e t h a c r y l a t e .  I t  h a s  a  h i g h  v i s c o s i t y  t o o  a n d  t h e s e  

f a c t o r s  f a v o u r  p o o r  p e n e t r a t i o n .  B u t m o u ld in g  i s  c a r r i e d  o u t  

a t  h i g h  t e m p e r a t u r e  an d  v e r y  h i g h  p r e s s u r e  b o t h  o f  w h ic h  f a v o u r  

p e n e t r a t i o n  o f  p o r e s .
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TABLE V. -  D ia k o n  D e n s i t i e s .  (D&)

M aterial j Size Pressure Dd Remarks

Quartz q I 6o/lOOm. ij.000lb / i n 2 2.655 Dr 2.650

Coal c 85/100m. î OOO : 1.26 Da 1 .25, Dr  1

Coke I 1 0 0 / I 2 0 m. ij.000 a 1.815

Coke I l0 0 A 20m. 2000 5 1.81

Coke II 100/I20m. 4ooo s 1.91

Coke I I 72/8  5m. 4000 : 1.885

Coke IV 150/I70m. 4ooo s 1.76

Coke IV - 7 2 m. 4ooo t 1.76

Coke V 1 0 0 / I 2 0 m * | 4ooo t 1.86

Coke VI 100/120W. 4 0 0 0  s I 1.88

Coke VII l0 0 A 20m. 4ooo : 1.815

Coke p 100A 20m. 4000 a 1.39

The increase in  D& between coke I I  a t  72/85m. and a t  

l0 0 A 20m. demonstrates th a t even a t  lj.000 lb / in 2 diakon cannot 

p en e tra te  the small pores in  72/85m. coke. This was confirmed 

by microscopic examination of the mouldings. The few v is ib le  

pores p resen t in  the sm aller s ize  were, however f i l l e d  w ith 

diakon so th a t poor p en e tra tio n  of bubble pores does not e ffec t 

the values obtained of cokes of s izes le s s  than 100 mesh.
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The fig u re  obtained fo r coal shows th a t there i s  l i t t l e  

or no p en e tra tio n  by diakon of pores of the kind found in  coal. 

These are in te rm ice lla r pores of dimensions of the order of 

10 -  40 A (35).

The id e n tic a l values obtained fo r l50/170m. a**3- -72m. 

samples of coke IV show th a t pore space not entered by diakon 

is  not being opened up by fu rth e r  p u lv e riza tio n . The -72m. 

m aterial i s  la rg e ly  very f in e  dust, and gives a much higher 

density  determined by b o ilin g  in  water, than 150/I70m. coke, 

( c . f .  P ig .14).

The almost id e n tic a l values obtained fo r Coke I  using  

2000 and 4000 lb. per square inch p ressu re  suggests th a t the 

pores not entered are not in  a continuous d is tr ib u tio n  w ith  

those ( i f  any) which have been f i l l e d ,  otherw ise the doubling 

of the applied  p ressure would surely have effected  some 

no ticab le  increase in  pen e tra tio n  and hence in  the value of 

the d ensity .

While i t  cannot be proved rigo rously  i t  seems highly 

probable th a t diakon p en e tra te s  a l l  but the »in te rm ice lla rM 

type of pn rosity  which according to one modern theory (8) is  

" in h erited ” by the coke from the paren t coal. These pores 

w ill be of very small dimensions but in  coal th e ir  volume can 

amount to over 2 0 though in  coking q u a lit ie s  does not usually  

exceed 5$.

I f  t h i s  i s  t h e  c a s e  t h e  v a l u e s  o f  w i l l  b e  c l o s e r  to  

t h e  D g a t  lo w  v a l u e s  o f  s  t h a n  t h e  r e a l  d e n s i t i e s  p r e v i o u s l y  

d e t e r m in e d .  They a r e  s t i l l  h ig h e r  t h a n  p a r t i c u l a t e  a p p a r e n t
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d e n s i t i e s  h o w e v e r i n  v i r t u e  o f  s u r f a c e  r e c e s s e s  an d  c o n c a v i t i e s  

t h e  v o lu m e s  o f  w h ic h  w e re  o r i g i n a l l y  p a r t  o f  p o r e  v o lu m e  o f  t h e  

u n b r o k e n  c o k e . A c l o s e r  a p p r o x im a t io n  t o  p a r t i c u l a t e  a p p a r e n t  

d e n s i t y  D s  i s  h o w e v e r v e r y  im p r o b a b le .

The data obtained on the cokes are applied in  Section 7 to 

the determ ination of po rosity  and have proved invaluable in  d is 

tingu ish ing  "bubble" po rosity  and "in te rm ice lla r"  p o ro sity . As 

a consequence the diakon displacement method of measuring density  

has played an important p a r t in  the determ ination of the pore 

size  d is tr ib u tio n  of coke.
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SECTION 7 .

ABSOLUTE POROSITY.

i n  t h e  l i g h t  o f  t h e  e x p e r i m e n t a l  w o rk  r e p o r t e d  i n  P a r t  I I  

t h e  m e a s u re m e n t o f  t h e  a b s o l u t e  p o r o s i t y  o f  c o k e  a p p e a r s  t o  b e  

a  m o s t i n a c c u r a t e  an d  u n c e r t a i n  p r o c e e d i n g .  I t  d e p e n d s  u p o n  

t h e  s e p a r a t e  e v a l u a t i o n s  o f  r e a l  a n d  a p p a r e n t  d e n s i t i e s  n e i t h e r  

o f  w h ic h  i s  q u i t e  so  s im p le  a s  m ig h t  b e  e x p e c te d .

I t  i s  b e l i e v e d  t h a t  th e  m e th o d  a d o p te d  f o r  t h e  m e a s u re m e n t 

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

a n d  e s p e c i a l l y  f o r  a  r o u t i n e  t e s t  i t  i s  s lo w  an d  l a b o r i o u s ,  

and  th o u g h  i t  g i v e s  a  m e a s u re  o f  t r u e  a p p a r e n t  d e n s i t y  i t  d o e s  

so  w i t h i n  w id e  e r r o r  l i m i t s  w h ic h  h a v e  b e e n  a d e q u a t e l y  dem on

s t r a t e d .

I f  r e a l  d e n s i t y  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  m a ss  t o  t h e  

v o lu m e  e x c l u s i v e  o f  a l l  p o r e  s p a c e ,  o f  a  r e p r e s e n t a t i v e  s a m p le  

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

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

t h e r e  i s  n o  c e r t a i n t y  t h a t  p o r e s  do  n o t  e x i s t  dow n to  m o le c u la r  

d im e n s io n s  t h e r e  i s  e q u a l l y  n o  c e r t a i n t y  t h a t  m e a s u re m e n t o f  

r e a l  d e n s i t y  a s  d e f i n e d  i s  p o s s i b l e .  F r a n k l i n  (3& ) h a s  show n 

t h a t  e v e n  th e  h e l iu m  m o le c u le  i s  p r o b a b l y  e x c lu d e d  f ro m  some o f  

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

The m e a s u re m e n t o f  p o r o s i t y  i s  o f  c o u r s e  s u b j e c t  t o  a l l  t h e  

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

t h e r e  seem s to  b e  a  c a s e  f o r  s e t t i n g  lo w e r  l i m i t  t o  t h e  s i z e  o f  

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



i n t o  r a n g e s  -  i f  a n y  s u i t a b l e  s y s te m  o f  d i s t i n g u i s h i n g  th em  

c a n  b e  f o u n d .

jgven i f  t h e  f i n e s t  p o r o s i t y  c o u ld  h a v e  n o  e f f e c t  o n  t h e  

c o m b u s t io n  an d  s t r e n g t h  p r o p e r t i e s  o f  c o k e ,  i g n o r a n c e  o f  i t s  

e x t e n t  an d  n a t u r e  i s  i g n o r a n c e  o f  t h e  u l t i m a t e  f i n e  s t r u c t u r e  

o f  t h e  c o k e .  The c l o s e n e s s  o f  a p p r o a c h  o f  t h e  c a r b o n  a to m  l a t t 

i c e  o c c u r r i n g  i n  co k e  ( a s  m ade a t  h i g h e r  a n d  h i g h e r  t e m p e r a t u r e s )  

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

o r i l y ;  n o t  h a v e  t h e  d im e n s io n s  and  d i s p o s i t i o n s  o f  t h e  c r y s t a l l 

i t e s  o r  m i c e l l e s  o f  w h ic h  c o k e s  i s  th o u g h t  t o  b e  c o n p o s e d .
T h ese  p r o b le m s  a r e  i n  a  s e n s e  t h e  sam e . M e a s u re m e n ts  o f  b o t h

t h e  v o lu m e  and  t h e  s u r f a c e  a r e a s  (b y  s o r p t i o n  m e th o d s )  o f  t h e  

p o r e  s p a c e  b e tw e e n  t h e s e  c r y s t a l l i t i e s  w o u ld  a s s i s t  i n  t h e  

e s t i m a t i o n  o f  t h e i r  d im e n s io n s .  T h e s e  h a v e  a l r e a d y  b e e n  m e a s u re d  

f o r  c o a l s  ( 1 1 ,3 ® ) .

A p o s s i b l e  m eans o f  d i s t i n g u i s h i n g  t h e  f i n e s t  o f  t h e  p o r e s  

h a s  b e e n  s u g g e s te d  i n  S e c t i o n  8 w h e re  i t  w as show n t h a t  d i a k o n  

d id  n o t  p e n e t r a t e  a l l  o f  t h e  p o r e s  an d  th e  te rm  " i n t e r m i c e l l a r "  

w as u s e d  t o  d e s c r i b e  t h e  s m a l l  o n e s  n o t  e n t e r e d .  The a s s e r t i o n  

t h a t  th e y  a r e  a c t u a l l y  o f  t h e  sam e ty p e  a s  t h o s e  know n to  e x i s t  

i n  c o a l  an d  d e r i v e d  f ro m  th e m  w o u ld  b e  v e r y  d i f f i c u l t  t o  p r o v e .

I t  d o e s  c o n fo rm  w i t h  a  c u r r e n t  t h e o r y  h o w e v e r , an d  t h e  v o lu m e  o f  

p o r o s i t y  in v o lv e d  f i t s  t h a t  t h e o r y  r e a s o n a b l y  w e l l .  An a l t e r 

n a t i v e  i s  t h a t  th e  f i n e  p o r o s i t y  i s  d u e  t o  a  m i c r o - c o n s t i t u e n t  

i n  m o s t c o k e s  w h ic h  a p p e a r s  t o  h a v e  " p o r e s "  w i t h i n  i t s e l f .

T h e se  l o o k  a s  i f  t h e y  h a d  b e e n  fo rm e d  w i t h i n  a  l a m i n a t e d



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

up  t o  a b o u t  0.003m m * I t  h a s  n o t  b e e n  p o s s i b l e  t o  v e r i f y  t h a t  th e y

a r e  a c t u a l l y  p o r e s ,  and  th e y  a r e  o f  s u c h  d im e n s io n s  t h a t  i t  w o u ld
■have been expected th a t th e ir  penetra tion  would
have been f a c i l i t a te d  by fin e  grinding(as to ,f-72mH). I t  i s  not

c l e a r  why p o r e s  o f  t h i s  s i z e  a n d  t y p e  s h o u ld  b e  s o  m uch m ore

a c c e s s i b l e  t o  w a te r  s a y ,  t h a n  t o  d i a k o n .  T h e i r  t o t a l  v o lu m e

c o u ld  b e  e s t i m a t e d  b y  m ic r o s c o p e  o n ly  r o u g h l y ,  b u t  seem ed  t o  b e

v e r y  m uch l e s s  t h a n  t h e  p o r o s i t y  n o t  a c c e s s i b l e  t o  d i a k o n .  I n

v ie w  o f  t h e  g e n e r a l  i n d i c a t i o n s  f r o m  t h e  w o rk  o n  r e a l  d e n s i t i e s

t h a t  p o r o s i t y  a p p r o a c h in g  m o l e c u l a r  d im e n s io n s  d o e s  a c t u a l l y

e x i s t  i n  c o k e , i t  h a s  b e e n  d e c i d e d  t o  c l a s s  a l l  t h e s e  p o r e s  a s

" i n t e r m i c e l l a r "  p o r e s  m e a n tim e  b u t  w i t h  t h e  r e s e r v a t i o n  t h a t  a

f u r t h e r  c l a s s i f i c a t i o n  o f  th em  i n t o  a t  l e a s t  tw o g r o u p s  m ig h t  b e

j u s t i f i e d ,  i t  i s  h o p e d  t o  m ake a  c l o s e r  s tu d y  o f  t h e  m ic r o -

s t r u c t u r e  o f  c o k e  i n  t h e  n e a r  f u t u r e  w hen m ore  i n f o r m a t i o n  on

t h e s e  v e r y  s m a l l  " p o r e s "  may b ecom e a v a i l a b l e .

p o r e s  e n t e r e d  b y  d i a k o n  a r e  b e i n g  c a l l e d  " b u b b le "  p o r e s ,  i t  

b e i n g  a ssu m e d  t h a t  th e y  h a v e  a l l  b e e n  fo rm e d  b y  e v o l u t i o n  o f  g a s  

i n  t h e  p l a s t i c  c o a l .  The s m a l l e s t  p o r e s  w h ic h  c o u ld  b e  d i s 

t i n g u i s h e d  u n d e r  t h e  m ic r o s c o p e  a s  b e i n g  o c c u p ie d  b y  d ia k o n  w e re  

a b o u t  t h e  sam e s i z e  a s  t h e  l a r g e s t  o f  t h o s e  d e s c r i b e d  a b o v e  t h a t  

i s  a b o u t  0«003mm. T hey w e re  a lw a y s  r o u n d ;  t h e r e  w e re  v e r y  few  

o f  th e m ; and  th e y  may w e l l  h a v e  b e e n  o n ly  s m a l l  c h o r d s  o f  m uch  

l a r g e r  s p h e r e s .



T a b le  S I  h a s  b e e n  p r e p a r e d  t o  show  t h e  t o t a l  p o r o s i t i e s  

o f  t h e  c o k e s  u s e d  i n  t h i s  w o rk , c l a s s i f i e d  i n t o  t h e  tw o t y p e s  

d i s c u s s e d  a b o v e . The r a n g e  o f  v a l u e s  o f  11 i n t e r m i c e l l a r 11 

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

a n t  h a v in g  r e g a r d  t o  t h e  a c c u r a c y  w i t h  w h ic h  Dr  an d  w e re  

o b t a i n a b l e .  The m a g n i tu d e  o f  t h e  v a l u e  b e a r s  n o  o b v io u s

TABLE VI -  The T o t a l  P o r o s i t i e s  o f  t h e  C o k e s .

1
C oke T o t a l

p o r o s i t y

B u b b le  ' 

p o r o s i t y

I n t e r m i c e l l a r  

p o r o s i t y

I 53.2* 51.5* j 1.7*

I I 59.8* 59.1* 1 0.7*

IV 51*.. 5* 51.1* 3.1**

V 53.2* 5o.5* 2.7*

VI 50.5* 47.1* 3.1t*

V II 53.3* 51.5* 1.8*

p 62 o 8* 61.2 * \ 1 .6*

r e l a t i o n s h i p  t o  an y  o f  t h e  o t h e r  p r o p e r t i e s  o f  t h e  c o k e s ,  n o r

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

o c c u r r e n c e  o f  i n t e r m i c e l l a r  p o r o s i t y  i n  c o k e  P i s  o f  p a r t i c u l a r  

i n t e r e s t  b e c a u s e  i n  t h a t  e a s e  t h e r e  w as d e f i n i t e l y  n o  " m ic r o -  

s t r u c t u r e 11 ty p e  o f  p o r e  p r e s e n t .  Coke P i s  m ore  l i k e  p i t c h  

t h a n  f u l l y  c a r b o n iz e d  c o k e  h o w e v e r , an d  i t s  fin< e p o r o s i t y  c o u ld  

b e  o f  q u i t e  a  d i f f e r e n t  t y p e  f ro m  t h a t  i n  o v e n  c o k e s .  N e v e r th e 

l e s s  i t  p r o v i d e s  a d d i t i o n a l  e v id e n c e  t h a t  p o r o s i t y  n o t  d i s c e r n 



i b l e  u n d e r  th e  m ic r o s c o p e  c a n  e x i s t .

The s i g n i f i c a n c e  o f  t h e  e x t e n t  o f  t h i s  v e r y  f i n e  p o r o s i t y  

a s  a  d e t e r m i n ^ i n g  f a c t o r  o f  c o k e  q u a l i t y  i s  o b s c u r e .

The im m e d ia te  p r a c t i c a l  im p o r ta n c e  o f  t h e  d i f f e r e n t i a t i o n  

o f  b u b b le  and  i n t e r m i c e l l a r  p o r o s i t y  i s  t h a t  i t  i s  a  f i r s t  s t e p  

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

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

s i z e  d i s t r i b u t i o n s  i s  d i s c u s s e d  i n  s e c t i o n  Ik *

The c h o ic e  o f  c o k e s  h a s  p r o d u c e d  a  f a i r l y  w id e  r a n g e  o f  

p o r o s i t i e s  w h ic h  w i l l  b e  o f  v a l u e  i n  t h e i r  f i n a l  c o m p a r is o n .



P a r t  T h r e e .

ports s iz 'r d is ir ib p t io e  ( a g g a a ir o g A i)
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SECTION 8 .

INTRODUCTION TO EXPERIMENTAL WORK.

The v a l u e s  o f  Da  D& an d  Dr  p r o v i d e  t h e  m ean s  o f  c a l c u l a t i n g  

t o t a l  p o r o s i t y  b u t  g i v e  l i t t l e  i n f o r m a t i o n  a b o u t  t h e  s i z e s  o f  

t h e  p o r e s .  T h e se  may b e  e s t i m a t e d  b y  m ic r o s e o p i e  e x a m in a t io n  

to  r a n g e  f r o m  a  few  m i l l i m e t r e s  down to  a  few  h u n d r e d th s  o f  a

m i l l i m e t r e ,  b u t  th e  p r o p o r t i o n s  o f  e a c h  s i z e  h a v e  p r o v e d  v e r y

d i f f i c u l t  t o  a s s e s s .  E x c e p t f o r  t h e  p r e p a r a t i o n  o f  "R o se  s e c t i o n s '  

f o r  v i s u a l  e x a m i n a t io n  t h e r e  h a s  b e e n  no  t e c h n i q u e  d e v e lo p e d  f o r  

t h e  m e a s u re m e n t o r  c o m p a r is o n  o f  p o r e  s i z e s  a l t h o u g h  i n  1917 

R am sb e rg  an d  s p e r r  (1 2 )  a s s e r t e d  t h a t  t h e  e v a l u a t i o n  o f  t h e  

am o u n t o f  p o r o s i t y  w as o f  no  y a l u e  u n l e s s  a c c o m p a n ie d  b y  o b s e r v 

a t i o n s  o f  p o r e  s i z e  an d  c e l l  w a l l  t h i c k n e s s .  They q u o te d  

F u l t o n  (1 3 )  a s  h a v in g  e x p r e s s e d  t h e  sam e o p i n i o n  a s  e a r l y  a s  1883 . 

I n  19214. M a l l e i s  (H 4.) s u g g e s te d  t h e  f o l l o w i n g  c l a s s i f i c a t i o n : -

a )  s m a l l  c e l l s  w i t h  t h i n  w a l l s

( 2 ) l a r g e  c e l l s  w i t h  t h i n  c e l l  w a l l s

( 3 ) s m a ll-m e d iu m  c e l l s  w i t h  t h i c k  c e l l  w a l l s

(ij.) l a r g e  c e l l s  w i t h  t h i c k  w a l l s  s o m e tim e s  th e m s e lv e s  p o r o u s .  

T h is  c l a s s i f i c a t i o n  w as t o  b e  m ade b y  v i s u a l  e x a m in a t io n  o f  

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

v e r y  l a r g e  n u m b er o f  s m a l l  p o r e s  n o t  a p p a r e n t  t o  t h e  n a k e d  e y e .

No q u a n t i t i v e  m e a s u re  o f  p o r e  s i z e  d i s t r i b u t i o n  h a s  y e t  b e e n  

m ade.
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M eth o d s  s u g g e s t i n g  th e m s e lv e s  f o r  i t s  m e a s u re m e n t i n c l u d e  

m ic r o s c o p e  an d  s t y l u s  m e th o d s ,  s o r p t i o n  m e th o d s  a n d  t h e  m e rc u ry  

p e n e t r a t i o n  m e th o d .

M ic ro s c o p e  an d  s t y l u s  m e th o d s  a n d  an y  o t h e r s  r e q u i r i n g  t h e  

s e l e c t i o n  and  p r e p a r a t i o n  o f  s p e c im e n s  a r e  s u b j e c t  t o  s e v e r e  

s a m p l in g  d i f f i c u l t i e s  and  th o u g h  t h e s e  n e e d  n o t  b e  i n s u p e r a b l e  

i n  s p e c i a l  r e s e a r c h  w o rk  th e y  a r e  I n v a r i a b l y  i n c o n v e n i e n t .  The 

w id e  r a n g e  o f  p o r e  s i z e s  e x p e c te d  w o u ld  l e a d  to  t h e  d i f f i c u l t y  

i n  m ic r o s c o p e  w o rk  t h a t  m e a s u re m e n ts  m ade a t  s e v e r a l  m a g n i f i c a 

t i o n s  w o u ld  h a v e  t o  b e  r e d u c e d  t o  t h e  sam e b a s i s .  U s in g  a  s t y l u s  

t h e  d e s i g n  and  m a n u f a c tu r e  o f  a  s u i t a b l e  t o o l  w o u ld  h a v e  h ad  t o  

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

s a m p le  p r e p a r a t i o n  c o u ld  h a v e  b e e n  t a c k l e d .  S a m p lin g  w as h o w ev er 

c o n s id e r e d  to  b e  t h e  g r e a t e s t  d ra w b a c k  o f  t h e s e  m e th o d s .

S o r p t i o n  m e th o d s  w o u ld  d e t e r m in e  p r i m a r i l y  s u r f a c e  a r e a  

a c c e s s i b l e  t o  s o r b a t e ,  an d  w h i l e  th e y  m ig h t  a f f o r d  som e m e a s u re  

o f  " a v e r a g e "  p o r e  s i z e  t h e  m e a n in g  o f  s u c h  a  te rm  i s  r a t h e r  o b s c u r e  

C a p i l l a r y  c o n d e n s a t io n  m e th o d s  m ig h t  b e  a p p l i e d  t o  t h e  d i s t r i 

b u t i o n  o f  t h e  f i n e s t  p o r e s  b u t  t h e s e  m e th o d s  h a v e  b e e n  r e p o r t e d  

u n r e l i a b l e  (1 6 )  w hen p o r e  d i a m e t e r  i s  r e l a t i v e l y  l a r g e .

The m e th o d  w h ic h  w as fo u n d  t o  b e  m o s t  s u c c e s s f u l  i s  c a l l e d  

t h e  " c o u n t in g "  m e th o d  a n d  i s  d e s c r i b e d  f u l l y  i n  S e c t i o n  1 0 .

B e f o r e  i t  i s  d i s c u s s e d  h o w e v e r s h o r t  a c c o u n t s  a r e  g iv e n  o f  

c e r t a i n  o t h e r  a t t e m p t s  t o  m e a s u re  e i t h e r  p o r e  d i s t r i b u t i o n  o r  

s u r f a c e  a r e a .  The f i r s t  o f  t h e s e  i s  a  d y e  s o r p t i o n  m e th o d  w i t h

w h ic h  i t  w as  h o p e d  t o  m e a s u re  lum p s u r f a c e  a r e a s  i n c l u d i n g  t h e



ko •

s u r f a c e s  o f  e x p o s e d  p o r e s .  The s e c o n d  i s  a n  a t t e m p t  t o  em ploy  

t h e  m e rc u ry  p e n e t r a t i o n  m e th o d  o f  W ash b u rn  a n d  B u n t in g  (17) 

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

s m a l l e r  b u b b le  p o r e s .  The t h i r d  m e th o d  d e s c r i b e d  w as a g a i n  d e 

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

p e r m e a t i o n  m e th o d  o f  C arm an (19) f o r  m e a s u re m e n t o f  s p e c i f i c  

s u r f a c e .  T h e se  a r e  d i s c u s s e d  i n  t u r n  i n  S e c t i o n  9* I n

S e c t i o n  11  a  m e th o d  e m p lo y in g  t h e  r a t h e r  s im p le  m e a s u re m e n t o f  

b u l k  d e n s i t y  i s  d e s c r i b e d .  I t  w as h o p e d  t h a t  t h i s  m ig h t  p r o v i d e  

a n  e a s i e r  a l t e r n a t i v e  t o  t h e  c o u n t i n g  m e th o d .
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SECTION 9 .

xjIE  SOKPTION, MERCUKI PENETRATION, M u  AIR 

PERMEATION METHODS.

The f o l l o w i n g  t h r e e  s e r i e s  o f  e x p e r im e n t s  w e re  c a r r i e d  o u t  

i n  a t t e m p t s  t o  f i n d  a  s u i t a b l e  m eans o f  m e a s u r in g  p o r e  d i s t r i 

b u t i o n  o r  e x p o s e d  s u r f a c e  a r e a #  None o f  th em  y i e l d e d  p o s i t i v e  

r e s u l t s  b u t  i t  may b e  w o r th  w h i l e  t o  i n d i c a t e  b r i e f l y  i n  e a c h  

c a s e  w h a t w as a t t e m p t e d  an d  why i t  f a i l e d #

The f i r s t  w as a n  a t t e m p t  t o  m e a s u re  " v i s i b l e  s u r f a c e "  b y  

a  u y e  s o r p t i o n  m e th o d , a  .'sample o f  b r o k e n  c o k e  a b o u t  J "  -  1" i n  

s i z e  w as u s e d .  The " i n n e r "  s u r f a c e  w as b la n k e d  o f f  b y  b o i l i n g  

th e  c o k e  i n  benw Z ene o r  some o t h e r  o r g a n i c  l i q u i d  im m is c ib le  

w i t h  w a t e r .  The c o k e  w as t h e n  im m e rse d  i n  a n  a q u e o u s  s o l u t i o n  

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

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

p h o t o - e l e c t r i c  a b s o r p t i o - m e t e r .  I t  w as e x p e c te d  t h a t  e i t h e r  

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

i t s  s o r p t i o n  w o u ld  b e  p r o p o r t i o n a l  t o  t h e  e x t e n t  o f  t h e  a d s o r b *  

i n g  s u r f a c e  a s  d e f i n e d  b y  th e  p o s i t i o n  o f  t h e  w a te r /b e n e z e n e  i n 

t e r f a c e .  I t  w as h o p e d  t h a t  t h e  p o s i t i o n  o f  t h a t  i n t e r f a c e  

m ig h t b e  m o d i f i e d  b y  t h e  u s e  o f  w e t t i n g  a g e n t s  w h ic h  w o u ld  a l t e r  

t h e  c o n t a c t  a n g le  c o k e /w a te r /b e n - * z e n e .

The c h o ic e  o f  a  s u i t a b l e  d y e  p r e s e n t e d  some d i f f i c u l t y .  

M e th y le n e  B lu e  h a s  f r e q u e n t l y  b e e n  u s e d  f o r  s u c h  w o rk  b u t  w as 

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

c o l o u r .  A S o lw ay  s k y  B lu e  w as fo u n d  t o  b e  s t r o n g l y  a d s o r b e d  a n d  

w as e m p lo y e d , b u t  s e v e r a l  o t h e r s  w e re  n o t  a d s o r b e d  a t  a l l  a n a
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th e  p o s s i b i l i t y  o f  c h e m ic a l  r e a c t i o n  b e tw e e n  S o lw a y  S ky  B lu e  

a n a  c o k e  w as n e v e r  r e a l l y  d i s p r o v e d .

R e p r o a u c i b i l i t y  o f  a a t a  w as i n i t i a l l y  p o o r ,  b u t  i t  w as 

o b v io u s  t h a t  s o r p t i o n  c o u la  n o t  b e  c o m p le te a  i n  a  s h o r t  t im e  

a n a  t h a t  t h e  r a t e  o f  s o r p t i o n  w o u la  h a v e  t o  b e  r e l a t e d ,  t o  s u r f a c e  

a r e a *  T h is  r a t e r w a s  v a r i e d  w i t h  d y e  c o n c e n t r a t i o n  and. h e n c e  w i t h  

t im e ,  a s  t h e  s o l u t i o n  becam e w e a k e r*  As c o n c e n t r a t i o n  i s  o b v i 

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

th a n  a t  a  a i s t a n c e  f ro m  i t ,  a g i t a t i o n  o f  t h e  s o l u t i o n  w as n e c 

e s s a r y  a n a  a  p e r i o a i c  f lo w  w as a r r a n g e a  b y  m eans o f  a n  a i r - l i f t  

a n a  a  sy p h o n *  I t  w as a l s o  n e c e s s a r y  t o  e n s u r e  t h a t  t h e  te m p e r 

a t u r e  o f  t h e  s o l u t i o n  w as c o n s t a n t  a s  v a r i a t i o n s  w o u la  o b v i o u s l y  

c a u s e  t h e  w a t e r / b e n s z e n e  i n t e r f a c e  t o  a a v a n c e  o r  r e c e a e  e x p o s in g  

m ore o r  l e s s  o f  t h e  c o k e  s u r f a c e  t o  t h e  d y e*  V e ry  c o n s t a n t  

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

u n u s e u  room *

I n  s p i t e  o f  a l l  t h e s e  p r e c a u t i o n s  h o w e v e r  r e p r o a u c i b i l i t y  

o f  d a t a  r e m a in e a  r a t h e r  p o o r*  A t te m p ts  t o  f i n d  how s o r p t i o n  

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

e d  t o  t h e  e x i s t e n c e  o f  s e c o n d a r y  e f f e c t s  w h ic h  c o u ld  n o t  b e  

d e te r m in e d *  C e r t a i n l y  n o  s im p le  r e l a t i o n s h i p  c o u la  b e  fo u n d  

b e tw e e n  s o r p t i o n  r a t e  a n d  s u r f a c e  a r e a  e v e n  w hen t h e  l a t t e r  w as 

t h e  o n ly  know n v a r i a b l e *  S u r f a c e  a r e a  w as a l t e r e d  b y  e m p lo y in g  

d i f f e r e n t  s i z e s  o f  c o k e ,  b u t  t h e  t o t a l  b u l k  o f  t h e  sa m p le  w as 

k e p t  c o n s t a n t .

T h is  a p p r o a c h  t o  t h e  p ro b le m  sh o w ea  l i t t l e  p ro m is e  o f  

s u c c e s s  a n a  w as a b a n d o n e d  e a r l y *
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A n o th e r  a t t e m p t  w as t o  a p p ly  t h e  m e rc u ry  p e n e t r a t i o n  

m e th o d  s u g g e s t e d  b y  W ash b u rn  a n a  B u n t in g  (1 7 )  a n d  l a t e r  em

p lo y e d  b y  u r a k e  a n a  R i t t e r  ( 1 5 ,1 6 ) *  I t  w as h o p e d  t h a t  i t  

m ig h t  b e  p o s s i b l e  t o  o b t a i n  a  c h e c k  on  t h e  lo w e r  e n d  o f  th e  

d i s t r i b u t i o n  b y  t h i s  m e th o d  w h ic h  c a n  b e  e m p lo y e d  o n ly  f o r  v e r y  

s m a l l  p o r e s *

The m e th o d  d e p e n d s  on  t h e  f a c t  t h a t  t h e  m e r c u r y /c o k e  c o n 

t a c t  a n g le  e x c e e d s  9 0 °  a n a  t h e r e f o r e  m e rc u ry  c a n n o t  e n t e r  

c a p i l l a r y  p o r e s  w i t h o u t  t h e  a p p l i c a t i o n  o f  e x t e r n a l  p r e s s u r e *  

P e n e t r a t i o n  i s  a  f u n c t i o n  o f  p o r e  d i a m e t e r  a n d  a p p l i e d  p r e s s u r e  

a n d  t h e  d i a m e t e r  o f  t h e  s m a l l e s t  p o r e  e n t e r e d  u n d e r  a  g iv e n  

p r e s s u r e  P cm* o f  Hg i s  g iv e n  b y  t h e  e q u a t i o n  

d =  0 . 0 5 / p  ( c m s )

T hen  b y  u s i n g  p r e s s u r e s  u p  t o  8 0  cms* w h ic h  w as e a s i l y  a t t a i n 

a b l e ,  p o r e s  aow n t o  0 * 0 0 6  mm. w o u ld  b e  e n t e r e d ,  a n a  b y  v a r y i n g  

t h e  p r e s s u r e  t h e  d i s t r i b u t i o n  o f  p o r e  s i z e s  m ig h t  b e  fo u n d *

As t h e  s m a l l e s t  p o r e s  d e t e c t e d  b y  t h e  c o u n t in g  m e th o d  w e re  

a b o u t  0*04  mm. i n  d i a m e t e r  i t  seem ed  l i k e l y  t h a t  a  c h e c k  c o u ld  

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

A s u i t a b l e  a p p a r a t u s  w as p r e p a r e d  w h ic h  g a v e  f a i r l y  r e p r o d u c i b l e  

r e s u l t s  b u t  p e n e t r a t i o n  o f  th e  m e rc u ry  c o n t in u e d  a t  t h e  h i g h e s t  

p r e s s u r e s  a t t a i n a b l e  a n d  seem ed  t o  i n d i c a t e  a  l a r g e  v o lu m e  o f  

p o r o s i t y  o f  s i z e s  aow n t o  0 .0 0 6  mm. a n d  l e s s *  Some b l a n k  r u n s  

w e re  t r i e d  on  b r o k e n  q u a r t z  o f  s i m i l a r  s i z e s *  T h is  m a t e r i a l  

b e h a v e d  i n  t h e  sam e w a y . a s  d id !  ‘d o k e .c f  B g n s i ' t i e s .  o f ,  . q u a r t z
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a n a  o f  c o k e  b y  m e rc u ry  d i s p l a c e m e n t  w e re  a l l  low  a n d  i t  w as 

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

b e tw e e n  t h e  p a r t i c l e s  w as n o t  c o m p le te .  R i t t e r  a n d  m ?ake 

h a v e  s u g g e s t e d  a  lo w e r  l i m i t  o f  a p p l i e d  p r e s s u r e  w h ic h  c a n  be  

u s e f u l l y  e m p lo y e d  a s  125cm . o f  Hg b u t  g a v e  no  r e a s o n  f o r  th e  

f i g u r e •

As s o o n  a s  t h i s  d i f f i c u l t y  w as r e c o g n i s e d  th e  e x p e r im e n t s  

w e re  d i s c o n t i n u e d .

The t h i r d  s e t  o f  e x p e r im e n t s  (1 8 )  w as a n  a t t e m p t  t o  a p p r o a c h

th e  p ro b le m  o f  p o r e  d i s t r i b u t i o n  th r o u g h  m e a s u re m e n ts  o f  th e

s p e c i f i c  s u r f a c e  o f  s i z e d  m a t e r i a l .  I t  w as h o p e d  t h a t  i t  m ig h t

b e  p o s s i b l e  t o  f i n d  a  q u i c k e r  m e th o d  t h a n  th e  c o u n t in g  m eth o d

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

I t  w as a r g u e d  t h a t  t h e  s p e c i f i c  s u r f a c e  o f  c o k e  p a r t i c l e s  w o u ld

d e p e n d  on  t h e  p o r o s i t y  a s  w e l l  a s  on  s i z e ,  a n d  f o r  a  g iv e n  s i z e

w o u ld  d i m i n i s h  w i t h  d i m i n i s h i n g  p o r o s i t y .  S p e c i f i c  s u r f a c e  i s
S

p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  o f  p a r t i c l e  d ia m e te r A a n d  c u r v e s  

s u c h  a s  t h a t  i n  F i g u r e  1 ( a )  w e re  e x p e c t e d  o f  t h e  r a n g e  o f  c o k e  

s i z e s  u p  t o  5 / 6  m e sh .

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

m e th o d  s u g g e s t e d  b y  C arm an (1 9 )  an d  i n  a  m o d i f ie d  a p p a r a t u s  

l i k e  t h a t  d e s c r i b e d  b y  G ooden a n a  S m ith  ( 2 0 ) .  The p e r m e a b i l i t y  

t o  a i r  o f  b e d s  o f  c o k e  p a r t i c l e s ^ h a d  t o  b e  m e a s u re d  a n d  t h a t ,  

w i t h  c e r t a i n  o t h e r  q u a n t i t i e s  s u c h  a s  t h e  l e n g t h  a n d  c r o s s -  

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

surface*
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M?/ /
/ /j/Pw»S-+

FHIURE 1* -  S p e c i f i c  S u r f a c e s  b y  A i r  P e r m e a t i o n - .

S c h e m a t ic  R e l a t i o n s h i p  w i t h  S i z e  S*

( a )  C u rv e  e x p e c t e d  (b )  C u rv e  o b t a i n e d .

U nfortunately a measure o f  the voidage o f  the bed was a lso  

requ ired . This could be obtained i f  the current va lu es o f  

apparent d en sity  (Ds ) were known, but ob viously  the method would 

be v a lu e le s s  i f  th a t had to  be deteim ined by some other means*

An in d ir e c t  method (19) o f  d eriv in g  Ds was attempted in  which the  

p erm eab ility  o f  the bed was measured under d if fe r e n t  con d ition s  

o f  packing i*e* a t  d if fe r e n t  voidages* A value o f  De could  

be extracted  from the data obtained , but i t  d id not correspond 

w ith th a t obtained by the counting method* I t  varied  rather  

ir r eg u la r ly  and in  one case exceeded the r e a l d en sity  o f  the  

coke<>

Employing the va lu es o f  Dg obtained by the counting  

method the curve in  Figure 1(b) was obtained when s p e c if ic
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surface was p lo tte d  a g a in st 1 /S . So s a t is fa c to r y  in te rp r e t

a tio n  o f  t h is  type o f  curve could be made and t h is  method too  

had to  be abandoned* The anomalous r e s u lt s  would seem however 

to  be due in  some measure to  the d i f f i c u l t y  o f  d efin in g  the  

p o s it io n  o f  a surface o f  a porous m ateria l l ik e  coke* The 

surface swept by passin g  a ir  streams i s  ob viously  deeper in  

the p a r t ic le  than th a t corresponding to the d e f in it io n  o f  

apparent d en s ity , so th a t some o f  the pore volume becomes 

confused as vo id age. In  view  o f  t h is  d i f f i c u l t y  which i s  

encountered elsewhere in  th is  research i t  can be sa id  th a t the  

su c c e ss fu l a p p lica tio n  o f  t h is  a ir  permeation technique to  

the measurement o f  su rfaces o f  porous m ateria ls  l ik e  coke i s  

probably im possible*
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SECTION 10,

IHTEMEDIATE DENSITIES (D^) BY THE COUMTKG METEOIL

THEOibT.

The method fo r  the eva luation  o f  pore s iz e  d is tr ib u t io n

w i l l  be referred  to  as the "counting method" and i t  depends on

the fo llow in g  sim ple theory .

I f  a non-porous m ateria l l ik e  quartz i s  c lo s e ly  s iz e d  as

fo r  example by s ie v in g , then fo r  any s iz e  fr a c t io n  the average

volume V8  o f  the p a r t ic le s  w i l l  be r e la te d  to  th e ir  average s iz e

S by a sim ple cubic re la tio n sh ip  -

V a  K.S3 8
where the value o f  k w i l l  depend on the s t a t i s t i c a l l y  average

shape o f  the p a r t ic le s ,  and on the method o f  eva lu atin g  S

(Which can be stand ard ized ).

Further, th e ir  average w eight Ws can be obtained as

W8  = Ds.V = fc.Dg.S3

Where Ds i s  the d en sity  o f  the p a r t ic le s  o f  s iz e  S , and w i l l

u su a lly  be constant fo r  a g iven  m a ter ia l. Ho evidence can be

found in  the l i t e r a tu r e  th a t k should be con stan t, and indeed

a s im ila r  shape fa c to r  fo r  co a l has been shown to  change w ith

s iz e  ( 2 1 ) ,  but th a t would be expected o f  any substance in  which

the cleavage i s  much b e tte r  developed in  one d ir e c tio n  than in

any o th er . I t  would seem a reasonable assumption however th a t

iso tr o p ic  m ateria ls  whether c r y s ta ll in e  or not would tend to

break in  such a way th a t the shape fa c to r  k would be su b st-

a n t ia l ly  independent o f  s i z e ,  a t  l e a s t  w ith in  wide l im it s .  In  
the course o f  t h is  work considerable j u s t i f ic a t io n  fo r  th a t

assumption^ has been found, but on ly  a few m ateria ls  have been  
examined and the ex ten t to  which i t  i s  time or con d ition s under
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w h ic h  i t  h o l d s  c a n n o t  b e  s t a t e d .

Now i f  a  p o r o u s  m a t e r i a l  i s  c o n s i d e r e d  a  s i m i l a r  r e l a t i o n 

s h i p  w i l l  h o ld  b u t  o v e r  a  c e r t a i n  r a n g e  o f  s i z e s  t h e  v a l u e  o f  

Dg w i l l  v a r y  w i t h  s i z e  f ro m  Da  t o  Dr -  f ro m  th e  a p p a r e n t  d e n s i t y  

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

i a l ,  a s  t h e  p o r e  s t r u c t u r e  i s  b r o k e n  dow n .

The p r o b a b i l i t y  t h a t  k  w i l l  r e m a in  c o n s t a n t  m u s t ,  h o w e v e r ,  

b e  r e c o n s i d e r e d  f o r  t h i s  c a s e .  P o ro u s  c o k e ,  an d  c e l l  w a l l  

m a t e r i a l  c a n n o t  b e  e x p e c t e d  t o  h a v e  i d e n t i c a l  c h a r a c t e r i s t i c s  

b u t  a s  t h e r e  i s  l i t t l e  r e s t r a i n t  on  th e  s h a p e  o f  e i t h e r  t h e  

l a r g e  o r  t h e  s m a l l  p i e c e s  i t  w as th o u g h t  p o s s i b l e  t h a t  t h e  

t o t a l  c h a n g e  i n  k  w o u ld  g e n e r a l l y  b e  q u i t e  s m a l l ,  an d  i n  a n y  

c a s e  a lm o s t  c e r t a i n l y  g r a d u a l .  I n  t h e  a b s e n c e  o f  a n  a l t e r n a 

t i v e ,  t h i s  a s s u m p t io n  w as made a n d  i t  to o  h a s  b e e n  l a r g e l y  

j u s t i f i e d  b y  r e s u l t s .  The v a r i a t i o n  i n  k  seem s t o  b e  b y  

o n ly  a  fe w  p e r  c e n t  i n  t h e  s i z e  r a n g e  e f f e c t e d .

T hen  c o n s i d e r i n g  k  t o  b e  v i r t u a l l y  c o n s t a n t ,  t h e  v a r i a 

t i o n  I n  Ds w i t h  S c a n  b e  t r a c e d  i n  t h e  s i z e  r a n g e  i n  w h ic h  

p o r e s  a r e  b r o k e n  dow n so  t h a t  a t  e a c h  s i z e  a n  a p p a r e n t  d e n s i t y  

a n d  h e n c e  a  p o r o s i t y  may b e  d e t e r m i n e d .  T h is  p o r o s i t y  P s w i l l  

b e  made u p  o f  p o r e s  o n ly  u p  t o  a  l i m i t i n g  d i a m e t e r  d s w h ic h  

w i l l  b e  a  f r a c t i o n  o f  S ,  f o r  a  p a r t i c l e  o b v i o u s l y  c a n n o t  c o n 

t a i n  a  p o r e  l a r g e r  t h a n  i t s e l f .  I n  o r d e r  t h a t  t h e  p o r e  d i s 

t r i b u t i o n  may b e  d e t e r m in e d  some a s s u m p t io n  m u s t b e  made c o n c e r n 

in g  t h e  d i s t r i b u t i o n  o f  t h e s e  p o r e  s i z e s  u p  t o  d s  I n  a  p a r t i c l e
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o f  s i z e  S .  The o n ly  s im p le  a s s u m p t io n  t h a t  c a n  b e  made i s  

t h a t  t h e  p o r o s i t y  d u e  t o  a n y  s i z e  d  <  d s  (a n d  e x p r e s s e d  a s  

a  p r o p o r t i o n  o f  r e a l  v o lu m e ) i s  t h e  sam e i n  p a r t i c l e s  o f  s i z e  

S a s  i n  t h e  m a s s iv e  m a t e r i a l .  I n  o t h e r  w o rd s  i t  i s  b e in g  

a ssu m e d  t h a t  n o  p o r o s i t y  o f  s i z e  l e s s  t h a n  d s h a s  b e e n  l o s t  i n  

t h e  d e g r a d a t i o n  p r o c e s s .  No s u c h  p o r o s i t y  c a n  b e  l o s t  f ro m  

t h e  i n t e r i o r  o f  t h e  p a r t i c l e s  b u t  i t  i s  a lw a y s  p o s s i b l e  a t  t h e  

s u r f a c e .  I t  w i l l  b e  m ore p r o b a b le  w hen d  i s  l a r g e  a n d  w i l l  

a p p r o a c h  t o t a l  l o s s  w hen d e q u a l s  d s , b u t  l o s s e s  o f  s m a l l e r  

s i z e s  w i l l  b e  p a r t l y  o f f s e t  b y  r e s i d u a l  s u r f a c e  p o r o s i t y  d u e  t o  

s i z e s  g r e a t e r  t h a n  d s . In d e e d  t h e  c h o ic e  o f  t h e  v a lu e  o f  d s 

c o r r e s p o n d i n g  t o  S c o u ld  -  i n  t h e o r y  -  b e  made t o  r e n d e r  t h e  

a s s u m p t io n  v e r y  n e a r l y  t r u e .  I n  p r a c t i c e  t h e  r a t i o  o f  d s 

t o  S c a n n o t  b e  f i x e d  p r i m a r i l y  t o  t h a t  e n d ,  b u t  t h e  e r r o r  d u e  

t o  t h e  a s s u m p t io n  w i l l  a f f e c t  a l l  c o k e s  i n  a  s i m i l a r  m an n er an d  

i t  i s  b e l i e v e d  t h a t  t h e  p o r e  s i z e  d i s t r i b u t i o n s  w i l l  b e  c o m p a r

a b l e  i f  n o t  q u i t e  e x a c t .

I t  may b e  m e n tio n e d  h e r e  t h a t  th e  d a t a  o b t a i n e d  i n  t h e  

c o u r s e  o f  t h e s e  e x p e r im e n t s  h a s  b e e n  e x a m in e d  t o  f i n d  w h e th e r  

s u c h  a  l o s s  o f  p o r o s i t y  o c c u r s  o u t w i t h  t h e  s i z e  r a n g e s  i n  w h ic h  

p o r e s  a r e  b e in g  b r o k e n  d o w n . T h a t n o  s u c h  l o s s  w as d e t e c t e d  

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

t h e  a b o v e  a s s u m p t io n  i s  p r o b a b l y  w e l l  j u s t i f i e d .
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I n  o r d e r  t o  d e t e r m in e  Ds t h e  f o l l o w i n g  m e th o d  o f  p l o t t i n g  

d a t a  h a s  b e e n  a d o p te d *  I f  Ws =  k .D s .  S 3 ,  t h e  p l o t  o f  l o g  W 

a g a i n s t  l o g .  S w i l l  b e  a  s t r a i g h t  l i n e  o f  g r a d i e n t  3 a s  lo n g  

a s  Dg a n d  k  a r e  c o n s t a n t .  T hus w hen Ds =-Da a n d  Dr , 

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

i n  w h ic h  Ds i s  v a r y i n g ,  t h e  c u r v e  w i l l  l i e  a c r o s s  t h e  i n t e r v a l  

b e tw e e n  t h e s e  e x tr e m e  p o r t i o n s ,  j o i n i n g  th e m  a s  i n d i c a t e d  i n  

F i g u r e  2 .

The t o t a l  d i s p l a c e m e n t  p a r a l l e l  t o  t h e  lo g  Ws a x i s  h a s  
Br

t h e  v a lu e  l o g  a n d  th e  d i s p l a c e m e n t  a t  a n y  s i z e  Ds i n  t h e
Ds

r a n g e  o f  p o r e  r u p t u r e  h a s  t h e  v a lu e  l o g  p "  ( a lw a y s  a s s u m in g  

k  c o n s t a n t ) *  H ence  i f  Da  i s  know n Ds a n d  t h e r e f o r e  P s 

c a n  b e  d e te r m in e d  a t  a n y  s i z e *

T e c h n iq u e *

I n  t h e  a p p l i c a t i o n  o f  t h e  a b o v e  t h e o r y  t h e  f o l l o w i n g  p r o 

b le m s  h a d  t o  b e  c o n s i d e r e d  an d  t h e y  a r e  now d e a l t  w i t h  i n  tu r n *

(1
<2

(3

(4

(5

(6

(7

The m e th o d  o f  c o m m in u tio n  o f  th e  co k e*

The method of siz ing  the coke, and

the evaluation  of S fo r each size fraction*

The c a l i b r a t i o n  o f  t h e  s i e v e s  u s e d  f o r  (2 )

The d e t e r m i n a t i o n  o f  Ws a t  d i f f e r e n t  s i z e s *

The a c c u r a c y  o f  t h e  m e th o d .

The r e l a t i o n  b e tw e e n  S a n d  d s *

(1 )  I t  w as fo u n d  n e c e s s a r y  t o  d e t e r m in e  Ws o n  a  w id e  r a n g e

o f  s i z e s  f ro m  a b o u t  2" down to  a b o u t  200m. a n d  i t  w as d e 

s i r a b l e  t o  s t a n d a r d i z e  t h e  b r e a k i n g  an d  s a m p l in g  p r o c e s s e s

a s  f a r  a s  p o s s i b l e .  The o p e r a t i o n  on  e a c h  c o k e  w as c a r r i e d
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o u t  i n  tw o s t a g e s .  I n  t h e  f i r s t  t h e  g r o s s  s a m p le  o f  

a b o u t  100  l b .  w as b r o k e n  down w i t h  a  ham m er t o  h a v e  a  

maximum s i z e  o f  a b o u t  3 ” . S i z e s  b e lo w  3/ 3 2 n w e re  s c r e e n e d  

o u t  a n d  r e s e r v e d  an d  t h e  l a r g e r  m a t e r i a l  s c r e e n e d  i n t o  a s  

m any s i z e  f r a c t i o n s  a s  p o s s i b l e  Ws b e in g  d e t e r m in e d  o n  e a c h .  

The w h o le  s a m p le  w as t h e n  r e d u c e d  i n  v o lu m e b y  n o rm a l c o n in g  an d  

q u a r t e r i n g  m e th o d s ^ b re a k a g e  down t o  a b o u t  2 ” b e in g  c o n t i n u e d  b y  

h am m er. B elow  2 ” b r e a k a g e  t o  f ” w as p e r f o r m e d  i n  a  jaw  

c r u s h e r  an d  t h e n  i n  r o l l s  s e t  a t  1 / 8 ” .  To th e  p r o d u c t  w as 

a d d e d  a n  a p p r o p r i a t e  p o r t i o n  o f  t h e  3 / 3 2 ” m a t e r i a l  rem o v ed  

i n  t h e  f i r s t  s t a g e .  The sa m p le  w as t h e n  p r e p a r e d  f o r  th e  

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

( 2 )  The o n ly  f e a s i b l e  m eans o f  s i z i n g  w as b y  s i e v i n g  an d  

the d e v e lo p m e n t  o f  t h e  s i e v i n g  t e c h n i q u e  a d o p te d  i s  d i s c u s s e d  

i n  A p p e n d ix  B . The s i z i n g  o f  l a r g e  m a t e r i a l  c o u ld  n o t  b e  

m e c h a n is e d  b u t  h a d  t o  b e  c a r r i e d  o u t  b y  h a n d .  Above 1-J-” n o  

w i r e  m esh  s c r e e n s  w e re  a v a i l a b l e  an d  h o l e s  h a d  t o  b e  c u t  i n  

s t o u t  t i n p l a t e  f o r  l a r g e r  s i z e s .  Prom  1 - |” dow n t o  ^ / l 6 ” 

h a n d  s c r e e n s  w e re  u s e d .  E x c e p t  a t  t h e  s m a l l e s t  s i z e s  i n  t h i s  

r a n g e  h a n d  s c r e e n i n g  c o u ld  b e  c o m p le te d  q u i t e  r a p i d l y  an d  

e f f i c i e n t l y .  B elow  3/ i 6 ” h o w e v e r  i t  w as e v i d e n t  t h a t  t h e  

d e g r e e  o f  c o m p le t io n  o f  s i e v i n g  d e p e n d e d  u p o n  t i m e ,  a n d  

s i e v i n g  on  t h e  ^ / l 6 ” s c r e e n  to o k  so  lo n g  t o  n e a r  c o m p le t io n  

t h a t  i t  w as s e ld o m  u s e d .

F o r t u n a t e l y  t h e s e  s c r e e n s  o v e r l a p  t h e  r a n g e  o f  t h e  B .S .S .  

f i n e  m esh  t e s t  s i e v e s  w h ic h  c o u ld  b e  s h a k e n  m e c h a n i c a l l y  i n  a  

R o ta p  m a c h in e .  T h e se  w e re  u s e d  i n  t h e  s e c o n d  s t a g e  o f  t h e



s i z i n g  o p e r a t i o n *  A p a r t  o f  t h e  s a m p le  -  ^ / 8 ” w as r e 

s e r v e d  f o r  r e a l  d e n s i t y  d e t e r m i n a t i o n s  a n d  t h e  r e m a in d e r  

s c r e e n e d  r o u g h l y  a t  12m *, 3 0 m ., 8 5 m ., a n d  200m . The 12m . 

f r a c t i o n  w as c o n e d  an d  q u a r t e r e d  u n t i l  o f  s m a l l  e n o u g h  v o lu m e  

f o r  s i e v i n g  -  a b o u t  70  -  80  g ram s w e re  r e q u i r e d .  A l l  o t h e r  

f r a c t i o n s  w e re  d i v i d e d  p r o p o r t i o n a t e l y .  M ach in e  s i e v i n g  w as 

c a r r i e d  o u t  on  e a c h  f r a c t i o n  i n  t u r n ,  e a c h  b e in g  s u b - d i v i d e d  

i n t o  s i x  c l o s e r  f r a c t i o n s  a n d  u n d e r s i z e  w h ic h  w as p a s s e d  t o  

t h e  n e x t  s m a l l e r  f r a c t i o n .  The 5 / l 2 ,  1 2 /3 0 ,  a n d  3 0 /8 5  m esh  

f r a c t i o n s  w e re  s i e v e d  f o r  t h r e e  h o u r s  an d  t h e  8 5 /2 0 0  m esh  

f r a c t i o n  f o r  5 h o u r s .

(3 )  T h e re  a r e  s e v e r a l  ” s t a t i s t i c a l  d i a m e t e r s ” a v a i l a b l e  f o r  

t h e  e x p r e s s i o n  o f  m ean p a r t i c l e  s i z e ,  m o s t o f  th e m  b a s e d  on  

m ic r o s c o p i c  m e a s u r e m e n ts ( 2 2 ,  2 3 ,  2 4 , )  • No r e l a t i o n s h i p  

b e tw e e n  t h e s e  s t a t i s t i c a l  d im e n s io n s  a n d  s i e v e  a p e r t u r e s  h a s  

b e e n  fo u n d  a n d  in d e e d  m e th o d s  u s i n g  t h e  m ic ro s c o p e  

u s u a l l y  a p p l i e d  t o  s u b - s i e v e  s i z e s .  H a tc h  (2 3 )  h a s  h o w e v e r  

s u g g e s t e d  a  m e th o d  o f  c a l i b r a t i n g  s i e v e s  b y  m ic r o s c o p ic  e x 

a m in a t io n  o f  t h e  s i z e  f r a c t i o n s  p r o d u c e d  i n  w h ic h  h e  a ssu m e s  

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

a n d  e m p lo y s  t h e  l o g - g e o m e t r i c  m ean Mg o f  t h a t  d i s t r i b u t i o n  a s  

t h e  m ean s i z e  o f  t h e  f r a c t i o n .  U n f o r t u n a t e l y  no  n o rm a l  

r e l a t i o n s h i p  i s  g iv e n  b e tw e e n  Mg a n d  t h e  s i e v e  a p e r t u r e s  

p o s s i b l y  b e c a u s e  i t  v a r i e s  f ro m  o n e  m a t e r i a l  t o  a n o t h e r .
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- - The. s i m p l e s t  a n d ■ m o s t - o b v i o u s  way o f  e x p r e s s i n g - t h e  

a v e r a g e  s i z e  o f  t h e  p a r t i c l e s  w i t h i n  a  p a r t i c u l a r  s i z e  

f r a c t i o n  i s  b y  t h e  a r i t h m e t i c  m ean o f  t h e  s i e v e  a p e r t u r e s  

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

a n y  o t h e r  s i m p l e  r e l a t i o n s h i p  b e t w e e n  t h e  m ean p a r t i c l e  s i z e  S 

a n d  t h e  s i e v e  a p e r t u r e  d e p e n d s  u p o n  t h e  d i s t r i b u t i o n  o f  s i z e s  

w i t h i n  e v e r y  s i z e  f r a c t i o n  b e i n g  s i m i l a r .  C l o s e r  e x a m i n a t i o n  

o f  t h i s  r e q u i r e m e n t  show s  t h a t  f o r  S t o  b e  e x a c t l y  e q u a l  t o  

t h e  m ean o f  t h e  s i e v e  a p e r t u r e s ,  t h e  n u m b er  o f  p a r t i c l e s  p e r  

u n i t  r a n g e  o f  s i z e  m u s t  b e  i n d e p e n d e n t  o f  s i z e .  T h i s  i s  a  

m o s t  i m p r o b a b l e  p a r t i c l e  s i z e  d i s t r i b u t i o n .

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

Q u a r t z  a n d  Coke IV u s e d / i n  t h e  m a in  e x p e r i m e n t  w e re  e x a m i n e d .

The nu m b er o f  p a r t i c l e s  N p e r  u n i t  r a n g e  o f  s i z e  was fo u n d  

t o  i n c r e a s e  r a p i d l y  w i t h  d i m i n i s h i n g  s i z e  S .  T h e se  d i s t r i 

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

f u l  s a m p l i n g  p r o c e d u r e ,  b u t  F i g u r e  3 i n  w h ic h  l o g  N i s

p l o t t e d  a g a i n s t  l o g  S ,  shows t h a t  a  r e l a t i o n s h i p  o f  t h e  t y p e
(3

N *  S

h o l d s  i n  b o t h  c a s e s ,  o v e r  a  w id e  r a n g e  o f  s i z e s .  The v a l u e s  o f  

P w e re  0 . 3 0  f o r  Q u a r t z  an d  0 . 3 2  f o r  Coke IV .  F rom  t h e s e  i t  

c a n  b e  c a l c u l a t e d  t h a t  i n  a  f r a c t i o n  o f  s i z e  r a t i o  1 . 2 ,  t h e  

m ean p a r t i c l e  s i z e  i s  o n l y  s l i g h t l y  l e s s  t h a n  t h e  m ean o f  t h e  

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

The d i f f e r e n c e  b e t w e e n  c o k e  an d  q u a r t z  i s  s l i g h t  a n d  t h a t  

b e tw e e n  s e p a r a t e  c o k e s  p r o b a b l y  n e g l i g i b l e .  An a b s o l u t e  

v a l u e  o f  S i s  n o t  r e q u i r e d  a s  t h e  c h o s e n  v a l u e  h a s  t o  b e
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r e l a t e d  e m p i r i c a l l y  t o  p o r e  s i z e  a t  a  l a t e r  s t a g e *  I t  w as 

d e c i d e d  t h e r e f o r e  t h a t  t h e  m ean s i e v e  a p e r t u r e  w as a  s u i t a b l e  

m e a s u re  o f  t h e  m ean p a r t i c l e  s i z e  i n  a  g i v e n  s i z e  f r a c t i o n .

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

c a n n o t  b e  e s t i m a t e d ,  b u t  i t  may e x p l a i n  why e r r a t i c  v a l u e s  o f  

Ws h a v e  o c c a s i o n a l l y  b e e n  e n c o u n t e r e d .

The a l t e r n a t i v e ,  t o  f o l l o w  a  m e th o d  s u c h  a s  t h a t  o f  

H a tc h  w o u ld  h a v e  i n v o l v e d  t h e  u s e  o f  h i s  m ore e l a b o r a t e  t e c h 

n i q u e  an d  i n  a p p l y i n g  i t  t o  t h e  p r e s e n t  w o rk  i t  i s  d o u b t f u l  

t h a t  i t  w o u ld  h a v e  y i e l d e d  more u s e f u l  r e s u l t s .

( 4 )  E a r l y  w o rk  y i e l d e d  some v e r y  i r r e g u l a r  c u r v e s ,  e s p e c i a l l y  

a t  t i e  s m a l l e r  s i z e s .  The a c c u r a c y  o f  t h e  s i e v e s  was q u e s t i o n 

e d  a n d  t h e  i n s p e c t i o n  o f  t h e  s p e c i f i c a t i o n  f o r  t h e i r  m a n u f a c t 

u r e  ( B . S . S .  4 1 0 o -  1 9 4 3 )  i n d i c a t e d  t h a t  t h i s  w as a  l i k e l y  

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

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

v e r y  c l o s e  s p e c i f i c a t i o n s  e s p e c i a l l y  I n  t h e  c a s e  o f  f i n e s t
i

m e s h e s •

I t  w as o b v i o u s l y  n e c e s s a r y  t h a t  t h e  s c r e e n s  s h o u l d  b e  

c a l i b r a t e d *  S e v e r a l  m e th o d s  h a v e  b e e n  s u g g e s t e d .  The m o s t  

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

f r e q u e n c y  an d  d i s t r i b u t i o n  o f  o v e r s i z e  a p e r t u r e s  i s  a. p o o r  

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

f i n d  t h e i r  w ay  t h r o u g h  i n  a  g i v e n  t i m e .  D i r e c t  c o m p a r i s o n  

w i t h  a  M a s te r  s e t  o f  s c r e e n s  i s  u s e f u l  f o r  some p u r p o s e s  -  b u t  

r e q u i r e s  a  s u i t a b l y  c a l i b r a t e d  M a s t e r .  The m e th o d  o f  H a tc h  

i s  p r o b a b l y  t h e  m o s t  s a t i s f a c t o r y ,  b u t  i t  i s  n o t  c e r t a i n  t h a t
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h i s  t e c h n i q u e  w o u ld  a p p l y  e q u a l l y  t o  a l l  m a t e r i a l s  b e c a u s e  

o f  i t s  d e p e n d e n c e  on  t h e  d i s t r i b u t i o n  o f  s i z e  w i t h i n  t h e  s i z e  

f r a c t i o n .  I n  a n y  c a s e  i t  c a l i b r a t e s  s i e v e s  i n  t e r m s  o f  

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

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

t o  t h e  c a l i b r a t i o n  o f  t h e  l a r g e r  s i z e s .  A n o th e r  p o s s i b l e  

m e th o d  i s  t o  u s e  fIs t a n d a r d  p o w d e r s "  w h ic h  a r e  know n t o  b r e a k  

down t o  g i v e  a  l o g a r i t h m i c  s i z e  d i s t r i b u t i o n  ( 2 5 ) .  A p p a r e n t  

d e v i a t i o n s  i n  t h i s  law  c a n  b e  a t t r i b u t e d  t o  e r r o r s  i n  s c r e e n  

a p e r t u r e .  I t  i s  d o u b t e d  i f  t h e  r e p r o d u c i b i l i t y  o f  s a m p l in g  

an d  s c r e e n i n g  i s  g o o d  e n o u g h  t o  j u s t i f y  t h e  u s e  o f  t h i s  m e th o d .  

I t  m ig h t  g i v e  d i f f e r e n t  c a l i b r a t i o n s  a g a i n s t  d i f f e r e n t  s i e v 

i n g  t i m e s  o r  m e th o d s ,  an d  t h e  o p tim u m  c o n d i t i o n s  f o r  t h e  

s t a n d a r d  d i s t r i b u t i o n  m ig h t  n o t  s u i t  t h e  w o rk  i n  h a n d .

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

t o  t h e  w o rk  i n  w h ic h  t h e  s c r e e n s  w e re  t o  b e  u s e d .  A c o n s t a n t  

v a l u e  o f  d e n s i t y  an d  s h a p e  f a c t o r  k  was a s s u m e d  f o r  q u a r t z ,  

a n d  d e v i a t i o n s  f r o m  a  s t r a i g h t  l i n e  o f  g r a d i e n t  3 w hen l o g  

W was p l o t t e d  a g a i n s t  l o g  S w e re  a t t r i b u t e d  t o  s c r e e n  e r r o r s .  

Q u a r t z  was b r o k e n  down b y  a  m e th o d  s i m i l a r  t o  t h a t  s p e c i f i e d  

f o r  c o k e ,  b e i n g  c r u s h e d  f i n a l l y  I n  r o l l s  s e t  a t  V s" .  i t  was 

s c r e e n e d  b y  t h e  same m e th o d  a s  c o k e  an d  t h e  a v e r a g e  w e i g h t  

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

b e l o w .  Log Wq was p l o t t e d  a g a i n s t  l o g  S i n  F i g u r e  4 ( i n  

b a c k  p o c k e t ) .  A g o o d  s t r a i g h t  l i n e  o f  t h e  e x p e c t e d  g r a d i e n t  

was o b t a i n e d  f r o m  5m. down t o  60m . b u t  a t  a l l  s m a l l e r  s i z e s  

Wq w as l a r g e r  t h a n  w as r e q u i r e d  t o  b r i n g  t h e  p o i n t s  on  t h e
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same l i n e .  T h i s  was v e r y  much a s  e x p e c t e d  b o t h  f r o m  c o n 

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

o f  t h e  t o l e r a n c e s  s p e c i f i e d *  I t  w i l l  b e  a p p r e c i a t e d  t h a t  o n l y  

t h e  o v e r s i z e  a p e r t u r e s  a r e  e f f e c t i v e  i n  p r o d u c i n g  s c r e e n  e r r o r s ;  

u n d e r s i z e  a p e r t u r e s  a r e  s i m p l y  i n o p e r a t i v e .  I t  w as n o t  p r o v e n  

h o w e v e r  t h a t  k  t h e  s h a p e  f a c t o r  was c o n s t a n t  t h o u g h  c o n s t a n c y  

o f  t h e  d e n s i t y  w i t h  s i z e  was e a s i l y  d e m o n s t r a t e d .  D a t a  becam e 

a v a i l a b l e  h o w e v e r  f o r  c o k e  P i n  w h ic h  p o r o s i t y  was p r a c t i c a l l y  

z e r o  b e lo w  2 5 m . .  The lo w e r  p a r t  o f  i t s  l o g  w / l o g  S c u r v e  i s  

d ra w n  a l o n g s i d e  t h a t  o f  q u a r t z  i n  F i g u r e  4 a n d  i t  i s  r e a d i l y  

s e e n  t h a t  t h e  c u r v e s  a r e  v e r y  s i m i l a r  i n  s h a p e  -  s t r a i g h t ,  down 

t o  6 0 m . ,  an d  t h e n  c u r v e d  u p w a r d s .  The d i v e r g e n c i e s  w e re  n o t

e q u a l  f o r  Q a n d  P i n  a l l  c a s e s .  The mean o f  t h e  c o r r e c t i o n s

i n d i c a t e d  b y  th e m  h a s  b e e n  a p p l i e d  I n  e a c h  c a s e .  The c o r r e c t i o n  

was made g r a p h i c a l l y  a n d  t h e  c o n s t r u c t i o n s  h a v e  b e e n  i n c l u d e d  

i n  F i g u r e  4 .  D e v i a t i o n s  f r o m  t h e  s t a n d a r d  l i n e  a t  s i z e s  g r e a t 

e r  t h a n  60m. w e re  ra n d o m  an d  c o n s i d e r e d  t o  b e  a s  l i k e l y  d u e  t o  

s i z e  s a m p l i n g  e r r o r s ,  p o o r  s i e v i n g  r e p r o d u c i b i l i t y ,  a n d  c o u n t i n g  

i n a c c u r a c i e s  a s  t o  s i e v e  e r r o r s .  T hey  w e re  n o t e d  i n  c a s e  t h e  

same s i z e s  g a v e  i r r e g u l a r  p o i n t s  w hen c o k e  w as b e i n g  t e s t e d .  

A c t u a l l y  t h e y  d i d  n o t ,  b u t  one o t h e r  s i z e  3 0 /3 6 m .  d i d  g i v e  

c o n s i s t e n t l y  h i g h  r e s u l t s  w h ic h  w e re  g i v e n  d u e  c o n s i d e r a t i o n  

w&en c u r v e s  w e re  b e i n g  d r a w n .  So i n  a  s e n s e  t h e  m e th o d  c a n  b e  

s e l f - c a l i b r a t  i n g •

The l a r g e r  s c r e e n s  ( 3/ 3 2 rr -  2%n ) c o u l d  b e  c a l i b r a t e d

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

w h e re  n e c e s s a r y  h a v e  b e e n  i n c o r p o r a t e d  i n  t h e  v a r i o u s  g r a p h s
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drawn© P a r t s  o f  t h e  c u r v e s  d e t e r m i n e d  b y  t h e  tw o  s e t s  o f  

s c r e e n s  o v e r l a p p e d  v e r y  w e l l  a n d  t h i s  m e th o d  seem s  t o  h a v e  

b e e n  s u f f i c i e n t .

(5) To d e t e r m i n e  Ws a  know n n u m b er  o f  p a r t i c l e s  m u s t  b e  

w e ig h e d  -  a  s i m p l e  e n o u g h  o p e r a t i o n  w hen  t h e  p a r t i c l e  s i z e  i s  

l a r g e .  A t —  s i z e s  down t o  3 6 / 4 4  m eah  t h e  f r a c t i o n  was c o n e d  . 

a n d  q u a r t e r e d  down t o  a b o u t  1 0 0 0  p a r t i c l e s  w h ic h  w e re  c o u n t e d  

a n d  w e i g h e d .  S i z e s  4 4 / 5 2  a n d  5 2 / 6 0  m esh  w e re  d e a l t  w i t h  a s  

a b o v e  b u t  2 0 0 0  p a r t i c l e s  c o u n t e d  so  t h a t  t h e  t o t a l  w e i g h t  s h o u l d  

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

The e x t e n s i o n  o f  t h i s  m e th o d  t o  s m a l l e r  s i z e s  was i m p o s s 

i b l e  b e c a u s e  f i r s t l y  t h e y  w e re  t o o  s m a l l  f o r  a c c u r a t e  e n n u m e r -  

a t i o n  w i t h  t h e  n a k e d  e y e ,  a n d  sex>ndly  a  much l a r g e r  c o u n t  w o u ld  

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

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

d e v e l o p e d  w h ic h  e n a b l e d  Ws t o  b e  d e t e r m i n e d  down t o  1 7 0 /2 0 0  m e sh .

A c o u n t i n g  b o a r d  was p r e p a r e d ,  a  t e n  i n c h  s q u a r e  o f  i n c h  

a n d  t e n t h s  g r a p h  p a p e r  b e i n g  m o u n te d  on  a  s t i f f  c a r d  t r im m e d  t o  

f i t  e x a c t l y .  One h u n d r e d  s a m p l i n g  a r e a s ,  one  i n  e a c h  o f  t h e  one  

h u n d r e d , o n e  i n c h  s q u a r e s  on  t h e  b o a r d ,  e a c h  0 . 3 n x  0 . 4 tr i n  s i z e 3 

w e re  m a rk e d  o f f .

A s u i t a b l e  p o r t i o n  o f  t h e  s i z e  f r a c t i o n  b e i n g  t e s t e d  was 

o b t a i n e d  b y  c o n i n g  a n d  q u a r t e r i n g .  I t  was s c a t t e r e d  o v e r  t h e  

b o a r d ,  s p i l l a g e  o v e r  t h e  e d g e s  b e i n g  c a u g h t  on w h i t e  p a p e r  an d  

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

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

w i t h  a b o u t  a  d o z e n  q u a r t e r  i n c h  h o l e s  i n  i t  l y i n g  o n  t o p  o f  t h e
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c l o t h .  T h i s  s i e v e  was s h a k e n  o v e r  t h e  b o a r d  a n d  g a v e  a  f a i r 

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

The n u m b er  o f  p a r t i c l e s  i n  e a c h  s a m p l i n g  a r e a  was t h e n  

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

sum m u l t i p l i e d  b y  8 . 3 3  t o  g i v e  a n  e s t i m a t e  o f  t h e  t o t a l  n u m b er  

o n  t h e  b o a r d .  The b o a r d  w as t h e n  s w e p t  c l e a n  o f  c o k e  w h ic h  

w as w e i g h e d .

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

a r e a s  w e re  c o n v e n t i o n a l l y  c o u n t e d  i n  o r  o u t  d e p e n d i n g  on  w h e t h e r  

t h e y  l a y  a c r o s s  t h e  S a n d  W, o r  N a n d  E e d g e s  r e s p e c t i v e l y .  

S a m p l in g  o f  t h e  g r o s s  s i z e  f r a c t i o n  h a d  t o  b e  b y  c o n i n g  an d  

q u a r t e r i n g  a s  ra n d o m  s a m p l i n g  g a v e  v e r y  e r r a t i c  r e s u l t s  i n  s p i t e  

o f  t h e  c l o s e  s i z e  r a t i o  ( 1 . 2 ) .  On t h e  b o a r d ,  t h e  t o t a l  c o u n t  

w as n o t  p e r m i t t e d  t o  f a l l  b e lo w  10 0 0  n o r  t h e  t o t a l  w e i g h t  b e lo w  

0 . 0 4  g r a m s .  Ws w as a lw a y s  d e t e r m i n e d  i n  d u p l i c a t e  a n d  r e 

c h e c k e d  i f  g o o d  a g r e e m e n t  was n o t  o b t a i n e d .  Q u a r t z  ( i n  t h e  

c a l i b r a t i o n )  was c o u n t e d  on  a  b o a r d  on  w h ic h  t h e  c o u n t i n g  a r e a s  

w e re  i n k e d  b l a c k .

( 6 )  The a c c u r a c y  o f  t h e  c o u n t i n g  o p e r a t i o n  i s  n o t  a s  h i g h  a s  

m ig h t  b e  e x p e c t e d .  S i g n i f i c a n t l y  h i g h e r  a c c u r a c y  c o u l d  b e  

a t t a i n e d  o n l y  b y  m ore a n d  m ore r e d u p l i c a t i o n  b u t  t h e  m e th o d  i s  

a l r e a d y  cum bersom e a n d  t e d i o u s  a n d  f u r t h e r  l e n g t h e n i n g  w o u ld  

h a r d l y  b e  j u s t i f i e d  b y  t h e  i n c r e a s e  i n  a c c u r a c y  o b t a i n a b l e .

T h e re  i s  a n  i n e v i t a b l e  s a m p l i n g  e r r o r  d u e  t o  t h e  v a r i a n c e  

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

s i z e  f r a c t i o n .  E v e n  w hen t h e  s i e v e  s i z e  r a t i o  was a s  lo w  a s  

1 . 2  t h e  w e i g h t  r a t i o r  o f  p a r t i c l e s  o f  q u a r t z  w as f o u n d  t o  b e  o f
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t h e  o r d e r  o f  100« The v a r i a n c e  o f  Ws i n  5 /6 m .  q u a r t z  was 

s u c h  t h a t  t h e  a c c u r a c y  o f  i t s  d e t e r m i n a t i o n  f r o m  1 0 0 0  p i e c e s  

w as o n l y  t  4 . 7 %  ( 9 5 ° / o  l e v e l  o f  p r o b a b i l i t y ) ,  o r t 3 . 3 ° / 0

i f  t h e  a v e r a g e  o f  d u p l i c a t e  d e t e r m i n a t i o n  was t a k e n .  A 

s i m i l a r  v a l u e  was o b t a i n e d  f o r  1 4 / l 6 m .  q u a r t z .  Q u a r t z  i s  how

e v e r  v e r y  i r r e g u l a r  i n  s h a p e  a n y  s a m p le  c o n t a i n i n g  a  w id e  r a n g e  

o f  s h a p e s  f r o m  n e e d l e s  t o  p l a t e s  a n d  i t  was n o t  s u r p r i s i n g  t o  

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

u n i f o r m l y  s h a p e d  c o k e  IV was i  2 ° / 0 on  t h e  d u p l i c a t e  d e t e r 

m i n a t i o n  a t  5 / 6 m . .

T h a t  e r r o r  w i l l  p r o b a b l y  n o t  v a r y  down t o  5 2 /6 0 m .  t h o u g h  

m i s t a k e s  i n  c o u n t i n g  may t e n d  t o  b e  m ore f r e q u e n t  a t  s m a l l e r  

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

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

d u e  t o  s h a p e  an d  s i z e  s a m p l in g  r a p i d l y  b e co m e s  n e g l i g i b l e  a n d  

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

t h e  b o a r d .  An i n v e s t i g a t i o n  o f  t h i s  e r r o r  was made u s i n g  

6 0 /7 2 m .  Coke P .  An e r r o r  o f  ± 4 ° / o  on  t h e  mean o f  t h e  

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

a n d  p r a c t i c e  a n d  im p r o v e d  t e c h n i q u e  may h a v e  r e d u c e d  i t  l a t e r .  

T h i s  v a r i a n c e  w o u ld  p r o b a b l y  b e  r a t h e r  l e s s  a t  s m a l l e r  s i z e s  

w h e re  t h e  h i g h e r  r a t i o  o f  b o a r d  o r  s a m p l in g  p a t c h  a r e a  t o  

p a r t i c l e  p r o j e c t e d  a r e a  w o u ld  im p r o v e  t h e  s a m p l in g  o f  t h e  

p o p u l a t i o n  d e n s i t y .  C e r t a i n l y  r e a s o n a b l y  c l o s e  d u p l i c a t e s  

( 3 ° / o  mfcjtimum d i f f e r e n c e )  w e re  n o r m a l l y  o b t a i n e d .

A p a r t  f r o m  ra n d o m  e r r o r s  i n  Ws s u c h  a s  t h o s e  d i s c u s s e d



a b o v e  t h e r e  h a v e  b e e n  e n c o u n t e r e d  o c c a s i o n a l  v a l u e s  w h ic h ,  

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

t h r o u g h  t h e  r e s t  o f  t h e  p o i n t s .  The o n l y  e x p l a n a t i o n  o f  

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

c o n s e q u e n c e  o f  t h e  r a t h e r  e r r a t i c  d i s t r i b u t i o n s  o b t a i n e d  b y  

s i e v i n g ,  a l r e a d y  p o i n t e d  o u t  o n  p a g e  55* T hey o c c u r r e d

i n  t h e  c a l i b r a t i o n  b y  q u a r t z ,  an d  o c c a s i o n a l l y ,  o c c u r r i n g  a t  

o r  n e a r  a n  o g i v e  i n  a  c o k e  c u r v e  h a v e  r e n d e r e d  t h e  d r a w i n g  o f  

t h e  b e s t  l i n e  r a t h e r  d i f f i c u l t .

A t t h e  v e r y  s m a l l e s t  s i z e s  i t  w as  a l r e a d y  n o t e d  t h a t  i n  

t h e  c a l i b r a t i o n  w i t h  Q u a r t z  an d  c o k e  P p o o r  a g r e e m e n t  w as 

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

t h e s e  s m a l l  s i z e s  and  w h i l e  t h a t  i s  q u i t e  l i v e l y  d u e  t o  t h e  

d i f f i c u l t y  o f  h a n d l i n g  and  w e i g h i n g  o f  s m a l l  a m o u n ts  o f  s m a l l  

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

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

s i z e s ,  a  c o m p l e t e l y  new f a c t o r  b eco m es  o f  i n c r e a s i n g  im p o r 

t a n c e  -  n a m e ly  e y e s t r a i n .  The e x t e n s i o n  o f  t h e  c o u n t i n g  t o  

300m. w o u ld  h a v e  b e e n  d e s i r a b l e  i f  2 ^ 0  a n d  300 m esh  s i e v e s  o f  

s u f f i c i e n t l y  h i g h  a c c u r a c y  h a d  b e e n  a v a i l a b l e .  (T h e y  w e r e  n o t  

b e i n g  p r o d u c e d  w hen t h i s  w o rk  w as  c a r r i e d  o u t ) .  Im p r o v e d  

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

b y  m a k in g  u s e  o f  a  b i n o c u l a r  m i c r o s c o p e  o f  lo w  p o w e r  m o u n te d  

o v e r  t h e  c o u n t i n g  b o a r d .



( 7 )  The r e l a t i o n s h i p  b e t w e e n  d Q a n d  S c a n  b e  d e t e r m i n e d  

o n l y  b y  m i c r o s c o p e « L a r g e r  s i z e s  o f  p o r e s  w e re  e x a m in e d  on  

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

S m a l l e r  p o r e s  w e re  e x a m in e d  i n  p o l i s h e d  s e c t i o n s  o f  p a r t i c l e s  

o f  s u i t a b l e  s i z e  m o u n te d  e i t h e r  i n  Wood*s m e t a l  o r  i n  d i a k o n .

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

c a t i o n .  D ia k o n  was m ore c o n v e n i e n t  f o r  m o u n t in g  b u t  s o m e t im e s  

t h e  l a r g e r  p i e c e s  w e re  c r u s h e d  a n d  t h e i r  p o r e  s t r u c t u r e s  d e 

s t r o y e d  d u r i n g  m o u l d i n g .

P o r e  s i z e  was c o m p a re d  w i t h  p a r t i c l e  s i z e  p a r t i c u l a r l y  a t  

t h e  u p p e r m o s t  a n d  l o w e s t  o g i v e  s i z e s .  ( I t  s h o u l d  b e  e x p l a i n e d  

t h a t  two r a n g e s  o f  p o r e  s i z e  w e re  f o u n d  a n d  h e n c e  t h e r e  a r e  

f o u r  o g i v e s  i n  t h e  l o g  Ws /  l o g  S c u r v e  o f  e a c h  c o k e . )  The 

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

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

Tile l a r g e s t  p o r e s  f o u n d  i n  p a r t i c l e s  o f  s i z e  c o r r e s p o n d i n g  t o  

t h e  l o w e s t  o g i v e  w e re  u s e d  t o  c o m p a re  d g a n d  S a t  t h a t  s i z e .  

I t  m ig h t  b e  t h o u g h t  t h a t  t h e  s m a l l e s t  s h o u l d  h a v e  b e e n  m e a s u r e d  

i n  t h i s  c a s e ,  b u t  t h e r e  w e re  a lw a y s  a  v e r y  fe w  m in u te  p o r e s  d e 

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

v o lu m e  t h a t  t h e y  w e re  p r o b a b l y  n o t  i n c l u d e d  i n  t h e  p o r e  d i s 

t r i b u t i o n .  T h e s e  " p o r e s ” may o n l y  h a v e  b e e n  s m a l l  c h o r d s  o f  

m uch l a r g e r  s p h e r e s ,  a n d  i t  w as  t h o u g h t  j u s t i f i a b l e  t o  i g n o r e  ' 

th e m  a t  t h i s  s t a g e .  P o r e s  w e re  e x a m in e d  a t  a  few  o t h e r  s i z e s  

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

m a t i o n  o b t a i n e d  h a s  b e e n  s u m m a r iz e d  f o r  a l l  t h e s e  e x p e r i m e n t s  

i n  T a b l e  V I I .
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TABLE V I I .  -  D e t e r m i n a t i o n  o f  t h e  R a t i o  R® ^ s / s .

Coke
P a r t i c l e  P o r e  1 

S i x e  I S i z e  1 
S c m s .  d s cms |
. . * . . . j

ds/ s M ethod  o f  M e a s u re m e n t

I I 0*51 0 . 2 0 0 . 3 9 S f r o m  u p p e r m o s t  o g i v e  o f

IV 0 . 5 1 0 . 2 3 0 .4 5 l o g  Ws /  l o g  S c u r v e .

V 0 . 5 1 0 . 2 0 0 . 3 9

VI 0 .4 1 0 . 1 3 0 . 3 2 d s f r o m  l a r g e s t  p o r e s  on

V I I 0 . 5 1 0 . 2 0 0 . 3 9 p o l i s h e d  s u r f a c e s .

P 1 . 9 0 0 .9 1 0 . 4 8

I I 0 . 1 9 0 .0 6 4 0 .3 4 S f r o m  u p p e r  o g i v e  o f  l o w e r  
r a n g e .  d s  f r o m  l a r g e s t  p o r e s

i n  5 /6 m .  c o k e .

V 0 . 0 3 8 0 .0 1 8 0 .4 7 L a r g e s t  p o r e s  i n  $ 6 /4 4 m . 

c o k e  o

XI 0 . 0 2 3 0 .0 1 1 5 0 . 5 0 L a r g e s t  p o r e s  i n  6 0 /7 2 m .c o k e

p 0 .0 6 1 0 .0 2 5 0 .4 1 S f r o m  lo w e r  o g i v e  d s 

f r o m  p o r e s  i n  2 2 /2 5 m . c o k e .

I 0 .0 1 2 5 0 .0 0 3 8 0 .3 1 S f r o m  l o w e s t  o g i v e s .

I I | 0 .0 1 2 5 0 .0 0 5 1 0 . 4 1 d s f r o m  l a r g e s t  p o r e  i n

IV 0 .0 1 1 5 0 .0 0 3 8 0 . 3 3 p a r t i c l e s  o f  o g i v e  s i z e

V 0 .0 1 4 0 .0 0 7 6 0 .5 4 ( a b o u t  100  -  1 2 0 m .)

VI 0 .0 1 4 0 .0 0 2 5 0 . 1 8  *

V I I 0 .0 1 6 0 .0 0 5 1 0 . 3 2

*  No e x p l a n a t i o n  c a n  h e  f o u n d  f o r  t h i s  v e r y  lo w  v a l u e o



P rom  t h e  d a t a  i n  T a b le  V I I  I t  c a n  b e  d e d u c e d  t h a t  t h e  

v a l u e  o f  t h e  r a t i o : a  R =  d s /  S i s  a p p r o x i m a t e l y  0 . 4 .  T h i s  

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

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

m ore  p r o b a b l e  t h a t  d g was m e a s u re d  low  t h a n  h i g h .  S a m p l in g  

w as m o s t  i n a d e q u a t e ,  f o r  o n l y  a  s m a l l  n u m b er  o f  p i e c e s  o f  a n y  

c o k e  c o u l d  b e  e x a m in e d  -  f o u r  o r  f i v e  o f  t h e  l a r g e  p i e c e s  o r  

a  fe w  d o z e n s  o f  t h e  s m a l l e r  p a r t i c l e s .  E a c h  o f  t h e s e  p i e c e s  

w as e x a m in e d  i n  one  s e c t i o n  o n l y  w h ic h  n e e d  n o t  i n t e r s e c t  t h e  

l a r g e s t  p o r e ,  o r  i f  i t  d o e s  w i l l  p r o b a b l y  n o t  do  so  d i a m e t r i 

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

I s  t h e r e f o r e  s m a l l  b u t  on  t h e  o t h e r  h a n d  a n  u n u s u a l l y  l a r g e  

p o r e  may b e  f o u n d  o f  w h ic h  t h e r e  may b e  t o o  fe w  t o  b e  o f  a n y  

c o n s e q u e n c e .

F o r  t h i s  r e a s o n  t h e  c o u n t i n g  m e th o d  c a n n o t  b e  e x p e c t e d  t o  

g i v e  p o r e  s i z e  d i s t r i b u t i o n  i n  t e r m s  o f  a b s o l u t e  p o r e  s i z e  b u t  

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

c o k e  t o  c o k e .  A c o m p l e t e  c r o s s - c h e c k  o n  t h e  m e th o d  u s i n g  a n  

i n d e p e n d e n t  t e c h n i q u e  w o u ld  b e  n e c e s s a r y  i f  a  more p r e c i s e  

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

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

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

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

T h e re  a r e  f o u r  p o s s i b l e  c a u s e s  b y  w h ic h  t h e  c o u n t i n g

m e th o d  may f a i l  t o  i n d i c a t e  p r o p e r l y  t h e  v a r i a t i o n  i n  a p p a r e n t

d e n s i t y  w i t h  s i z e *

F i r s t l y ,  t h e  s h a p e  f a c t o r  may c h a n g e *  T h i s  c a n  b e  d i s c u s s e d

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

l a t e r  i n  S e c t i o n  12*

S e c o n d l y ,  d i m i n u t i o n  o f  p o r o s i t y  a t  b r o k e n  s u r f a c e s  may

c a u s e  a n  i n c r e a s e  i n  D0 a t  a  s i z e  l a r g e r  t h a n  t h a t  a t  w h ic hs
d i f f e r e n t i a l  p o r e  r u p t u r e  o c c u r s *  The d a t a  o b t a i n e d  h a v e  b e e n  

e x a m in e d  a n d  t h e r e  i s  no  s i g n  o f  t h i s  p h e n o m en o n  h a v i n g  a n y  (

e f f e c t *  Some e x p e r i m e n t s  w e re  c a r r i e d  o u t  o n  a n  a g g l o m e r a t e  

o f  l e a d  s h o t  ( o f  known s i z e  a n a l y s i s )  i n  c o n c r e t e ,  i n  w h ic h  t h e  

s h o t  was t o  r e p r e s e n t  p o r e s  a n d  t h e  c o n c r e t e  c o k e - c a r b o n  i n  a n  

a n a l o g o u s  " c o k e " *  The c o u n t s  m e th o d  was a p p l i e d  b u t  f a i l e d  t o  

m e a s u re  t h e  " p o r e  s i z e  d i s t r i b u t i o n ” b e c a u s e  o f  " p o r o s i t y ” l o s t  

a t  t h e  b r o k e n  s u r f a c e s *  I n  t h a t  c a s e  h o w e v e r  t h e  s h o t  f e l l  

o u t  r a t h e r  r e a d i l y ,  a n d  t h e  h o l e s  l e f t  b e h i n d  w e re  i n  e f f e c t  

" n e g a t i v e  p o r o s i t y  o f  v e r y  h i g h  r e l a t i v e  d e n s i t y "  an d  t h e  

e f f e c t  was v e r y  n o t i c a b l e  i n d e e d .  B u t  p o r e s  i n  c o k e  c a n  l o s e  

o n l y  a  s m a l l  f r a c t i o n  o f  t h e i r  v o lu m e  a s  t h e y  a r e  e x p o s e d ,  t h e  

g r e a t e r  p a r t  o f  th e m  b e i n g  d i v i d e d  among t h e  p a r t i c l e s  fo r m e d  

b y  t h e  f r a c t u r e *

A t h i r d  p o s s i b i l i t y  i s  t h a t  a  s i m i l a r  d i m i n u t i o n  o f  p o r 

o s i t y  o c c u r r i n g  a t  a l l  p a r t i c l e  s i z e s  m ig h t  d i s t o r t  t h e  Dg 

c u r v e  s o  t h a t  t h e r e  w o u ld  a p p e a r  t o  b e  a  m uch l o w e r  p o r o s i t y  

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

m e a s u r i n g  p o r e  s i z e  d i s t r i b u t i o n ,  s u c h  a s  m ig h t  h a v e  b e e n  

a f f o r d e d  b y  t h e  m e r c u r y  p e n e t r a t i o n  m ethod*  I t  may b e  r e 

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

p r o p o r t i o n  o f  p o r o s i t y  o f  v e r y  s m a l l  s i z e *

F o u r t h l y ,  t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  i n  t h e  c o m m in u t io n  

o f  t h e  c o k e  t h e  m ore p o r o u s ,  s o f t e r  a n d  l e s s  ( r e a l )  d e n s e  i n n e r  

e n d s  w i l l  b r e a k  down f a s t e r  t h a n  t h e  h a r d  d e n s e  c a u l i f l o w e r  e n d s  

s o  t h a t  Ws f o r  l a r g e  s i z e s  w i l l  b e  u n d u l y  h i g h  a n d  t h a t  f o r  

s m a l l  s i z e s  t o o  low* T h i s  p o i n t  w as s u c c e s s f u l l y  e x a m in e d *  A t 

s i z e s  a s  l a r g e  a s  5 /6 m .  o r  ® / l 6 n -  ^ / 8 n t h e  v a l u e s  o f  Ws o b t a i n e d  

f r o m  t h e  s m a l l  s i z e s  s c r e e n e d  o u t  a f t e r  t h e  f i r s t  b re a k d o w n  an d  

t h a t  f r o m  t h e  l a r g e r  s i z e s  a f t e r  t h e  f i n a l  c r u s h i n g  i n  t h e  r o l l s  

w e re  i d e n t i c a l *  A t v e r y  s m a l l  s i z e s  no  d i f f e r e n c e  c o u l d  b e  

d e t e c t e d  b e t w e e n  t h e  v a l u e s  o f  Ws f r o m  t h e  n o r m a l  s a m p le  a n d

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

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

R e s u i t s *

The c o u n t i n g  m e th o d  h a s  b e e n  a p p l i e d  t o  a l l  s e v e n  c o k e s  

a n d  t h e  d a t a  a r e  s u m m a r iz e d  i n  F i g u r e  4 w h e re  l o g  Ws i s  p l o t t e d

a g a i n s t  l o g  S* The c u r v e  o f  Coke P i s  o f  t h e  t y p e  p r e d i c t e d

b u t  t h e  s i x  m e t a l l u r g i c a l  c o k e s  show tw o ws t e p s ” a p p a r e n t l y  i n 

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

a t  s i m i l a r  s i z e s  i n  a l l  s i x  c o k e s .  The e x t e n t  o f  t h e  u p p e r  r a n g e  

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

o n l y  i n  t h e  m id d le  o f  t h e  " s t e p ” p a r t  o f  t h e  c u r v e .

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



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

W_ a r e  d e t e r m i n e d  w i t h  m o s t  d i f f i c u l t y ,  a n d  f o r  w h ic h  c a l i b r a -  s

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

t h e  c u r v e s  h a s  o c c a s i o n a l l y  b e e n  d i f f i c u l t  a n d  i t  w as f o r  t h i s  

r e a s o n  t h a t  e x t e n s i o n  o f  t h e  c o u n t i n g  t o  300m* w o u ld  h a v e  b e e n  

v e r y  u s e f u l .

The v a l u e s  o f  Ds h a v e  n o t  b e e n  p r e s e n t e d  a s  t h e y  a r e  n o t  

r e q u i r e d  i n  t h e  c a l c u l a t i o n  o f  p o r e  s i z e  d i s t r i b u t i o n  a n d  a r e  

o f  no  i n t e r e s t  i n  t h e m s e l v e s *

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

p a r a l l e l  t o  t h e  l o g  Ws a x i s  i s  u s u a l l y  l e s s  t h a n  t h a t  c a l c u l a t e d  

f r o m  t h e  e x p e r i m e n t a l  v a l u e s  o f  Da a n d  D r  a s s u m in g  c o n s t a n c y  

o f  k .  I t  w as t h i s  d i s c r e p a n c y  w h ic h  l e d  t o  t h e  d e v e lo p m e n t  o f  

t h e  " d i a k o n "  m e th o d  o f  m e a s u r i n g  d e n s i t y ,  a n d  t h e  d i s p l a c e m e n t  

c a l c u l a t e d  f r o m  Da  an d  D^ c o r r e s p o n d s  f a i r l y  w e l l  w i t h  t h a t  

f o u n d  b y  c o u n t i n g  e x p e r i m e n t s .  I n  o t h e r  w o rd s  t h e  maximum 

v a l u e s  o f  Ds h a v e  b e e n  f o u n d  t o  b e  a p p r o x i m a t e l y  e q u a l  t o  D^*

The g r e a t e s t  d i f f e r e n c e  b e tw e e n  th e m  w as f o u n d  i n  Coke V an d  

a m o u n te d  t o  a b o u t  6 p e r  c e n t .

The i n t e r p r e t a t i o n  o f  t h i s  I s  t h a t  t h e  c o u n t i n g  m e th o d  

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

q u e s t i o n  o f  t h e  c o n s t a n c y  o f  k  idfc d i s c u s s e d  i n  S e c t i o n  12  a n d  

t h e  c a l c u l a t i o n  o f  t h e  p o r e  d i s t r i b u t i o n  i s  S e c t i o n  13*



SECTION 11
69

INTERMEDIATE DENSITIES (Ds ) BY BULK DENSITIES (Db)

An a l t e r n a t i v e  m e th o d  o f  t r a c i n g  t h e  c h a n g e s  i n  Ds w i t h  

s i z e  i s  t h r o u g h  t h e  v a l u e s  o f  t h e  b u l k  d e n s i t i e s  o f  c l o s e l y  

s i z e d  m a t e r i a l • T h i s  m e th o d  w as i n v e s t i g a t e d  f o r  tw o r e a s o n s .  

F i r s t l y ,  i t  was h o p e d  t h a t  i t  w o u ld  p r o v i d e  a n  e a s i e r  a l t e r n a t i v e  

t o  t h e  c o u n t i n g  m e th o d ,  an d  s e c o n d l y ,  t h a t  i t  m ig h t  l e a d  t o  a  

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

The t h e o r y  o f  t h e  m e th o d  i s  s i m i l a r  t o  t h a t  o f  t h e  c o u n t i n g  

m e th o d .  F rom  g e o m e t r i c  c o n s i d e r a t i o n s  t h e  b u l k  d e n s i t y  o f  a  n o n -  

p o r o u s  m a t e r i a l  w o u ld  b e  e x p e c t e d  t o  b e  i n d e p e n d e n t  o f  s i z e  b u t  

i t  w i l l  d e p e n d  on a p p a r e n t  d e n s i t y ,  on  s h a p e ,  an d  on  a n y  f a c t o r  

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

d o n d i t i o n s  l i k e  r o u g h n e s s ,  a d s o r b e d  l a y e r s  a s  o f  m o i s t u r e ,  a n d  

e l e c t r o s t a t i c  f o r c e s .  O t h e r s  i n c l u d e  a i r - c u s h i o n i n g  b e tw e e n  

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

i n e r t i a  o f  t h e  p a r t i c l e s .  T h e se  l a s t  t h r e e  v a r y  i n  t h e i r  

e f f e c t ,  b e i n g  much m ore i m p o r t a n t  i n  s m a l l  s i z e s ,  an d  a s  a  r e 

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

w i t h  l a r g e .

N e v e r t h e l e s s  B u lk  D e n s i t y  may b e  e x p r e s s e d  a s  

Db =  f  • p . Ds

w h e re  f  i s  a  f a c t o r  d e p e n d i n g  o n  s h a p e ,  a n d  t h e  p a c k i n g  f a c t o r  

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

e f f e c t s  a l r e a d y  m e n t i o n e d .  Ds h a s  t h e  same s i g n i f i c a n c e  a s  i n  

S e c t i o n  10* a n d  i s ,  o f  c o u r s e  c o n s t a n t  f o r  n o n - p o r o u s  m a t e r i a l s ,  

o r  i n  c o k e  s i z e  r a n g e s  o f  c o n s t a n t  p o r o s i t y .
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FIGURE 5 .  -  S c h e m a t i c  C u rv e ; o f  B u lk  

t e n s i t y  v  S i z e .

T hen  i f  Dt> i s  p l o t t e d  a g a i n s t  S ,  t h e  p a r t i c l e s  s i z e ,  

f o r  a  p o r o u s  m a t e r i a l  l i k e  c o k e  i n  w h ic h  t h e  v a l u e  o f  Ds 

i n c r e a s e s  f r o m  Da  t o  Dr  o v e r  a  c e r t a i n  s i z e  r a n g e ,  a  c u r v e  

l i k e  t h a t  i n  F i g u r e  5 w i l l  b e  o b t a i n e d .  I f  f  a n d  p  a r e  

c o n s t a n t  t h e  r a t i o  o f  t h e  maximum t o  t h e  minimum v a l u e  o f  

w o u ld  b e  e x p e c t e d  e q u a l  t o  Dr / D a , a n d  t h a t  o f  a n y  i n t e r 

m e d i a t e  v a l u e  o f  Db t o  t h e  minimum e q u a l  t o  Ds /D a

V e ry  l i t t l e  a p p e a r s  i n  t h e  l i t e r a t u r e  o n  t h e  e f f e c t  o f  

s i z e  on  t h e  s h a p e  o r  p a c k i n g  f a c t o r s  r e l a t i n g  t o  b u l k  d e n s i t y .  

I n d e e d  v e r y  l i t t l e  h a s  b e e n  p u b l i s h e d  on  c l o s e l y  s i z e d  m a t e r 

i a l  a t  a l l  e x c e p t  t h e o r e t i c a l  c o n s i d e r a t i o n s  on  t h e  p a c k i n g
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o f  s p h e r e s #  R o l l e r  ( 2 6 )  h a s  p u b l i s h e d  some d a t a  s h o w in g  a

l a r g e  i n c r e a s e  i n  v o i d a g e  o f  s i z e d  m a t e r i a l s  b e lo w  20yM (200m . i s

7 6 / a) .  Gypsum, p o r t l a n d  c e m e n t  a n d  a n h y d r i t e  b e h a v e d  s i m i l a r l y
o /

w i t h  v o i d a g e s  o f  4 3 - 4 5  / 0 a t  l a r g e r  s i z e s  w h i l e  t h e  s m a l l e s t
o /

v o i d a g e  g i v e n  b y  ch rom e y e l l o w  w as 55  / 0 . The d i f f e r e n c e  may 

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

k n o w n . B elow  2 0 / i  t h e  s u d d e n  i n c r e a s e  i n  v o i d a g e  was p r o b a b l y  

d u e  t o  one  o r  m ore  o f  t h e  f a c t o r s  a f f e c t i n g  p a c k i n g  b e c o m in g  

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

i n f o r m a t i o n  f o u n d  i s  s u m m a r iz e d  f r o m  D a l l a v a l l e  (2 5 )  i n  T a b le  V I I I

TABLE V I I I .  . V o id a g e s  f o u n d  i n  

V a r i o u s  P a c k e d  M a t e r i a l s .

M a t e r i a l  

1 6 / 3 8 m . T y l e r

V o id s  ° / 0 o f  

T o t a l  V olum e

S p h e r i c a l  Pb S h b t 3 7 . 1 8

S p h e r i c a l  S S h o t 3 7 .3 5

Dune S an d 3 7 . 6 0

B e a c h  S and 3 6 .5 5

M a r in e  ! S an d  , 3 4 .7 8

C r u s h e d  Q u a r t z 4 1 . 2

C r u s h e d  C a l c i t e 4 0 .7 6

C r u s h e d  H a l i t e 4 3 . 5 1

M ica 8 6 .6 2
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The m a t e r i a l s  w e re  s i z e d  i n  t h e  r a t h e r  w id e  r a n g e  1 6 /3 8 m .

T y l e r , ( S i z e  r a t i o  = 2 ) ,  a n d  t h i s  p r o b a b l y  a c c o u n t s  f o r  t h e  

much s m a l l e r  v o i d a g e s  t h a n  a r e  o b t a i n e d  i ry b h i s  w o r k .  T a b le  V I I I  

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

S p h e r e s  g a v e  v a l u e s  a b o u t  37 0/ 0 > o b l i q u e  s p h e r e s  l o w e r ,  a b o u t  

3 5 %  ; a n d  a n g u l a r  p a r t i c l e s  s o m e t h in g  o v e r  4 0 ° / o .. C l o s e r  

s i z i n g  w o u ld  i n c r e a s e  t h e s e  a l l  r o u n d .  I n  t h e  p r e s e n t  w o rk  

w i t h  a  s i z e  r a t i o  o f  1 . 2  t h e  v o i d a g e  o f  c r u s h e d  q u a r t z  was 

n e v e r  l e s s  t h a n  4 7 ° / 0 a n d  t h a t  o f  l a r g e  c o k e  a b o u t  41 -  4 7 ° / 0 . 

T h e s e  f i g u r e s  w e re  fo u n d  t o  i n c r e a s e  b e tw e e n  51  a n d  5 5 ° / o  f o r  

c o k e  a t  t h e  s m a l l e s t  s i z e s .

The m e a s u r e m e n ts  o f  i s  v e r y  s i m p l e .  T h e re  a r e  two 

p o s s i b i l i t i e s  -  l o o s e  p a c k i n g  a n d  c l o s e s t  p a c k i n g .  The l a t t e r  

i s  b y  f a r  t h e  m ore r e p r o d u c i b l e .  Coke was s i z e d  a s  f o r  t h e  

c o u n t i n g  m e th o d  b u t  r a t h e r  more o f  e a c h  f r a c t i o n  was r e q u i r e d .  

E a c h  s i z e  was c o n e d  c a r e f u l l y  a n d  p o u r e d  i n t o  a  m e a s u r i n g  

c y l i n d e r  o f  s u i t a b l e  d i m e n s i o n s .  T h i s  h a d  t o  b e  a t  l e a s t  8 

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

h e i g h t  a t  l e a s t  6 t i m e s  t h e  d i a m e t e r  o f  t h e  c y l i n d e r  ( 2 6 ) .  The 

c y l i n d e r  was t a p p e d  u n t i l  t h e  l e v e l  o f  t h e  c o k e  c o u l d  n o t  b e  

made t o  f a l l  a n y  f u r t h e r .  The v o lu m e  i t  o c c u p i e d  i n  t h e  

c y l i n d e r  was t h e n  n o t e d  an d  i t  was p o u r e d  o u t  a n d  w e i g h e d ,  

w as t h e n  s i m p l y  t h e  r a t i o  o f  t h e  m ass t o  t h e  m e a s u r e d  v o lu m e .

When t h e  s i z e  was b e lo w  44m . t h e  c y l i n d e r  was e v a c u a t e d  

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

5fcarsfer o f  t h e s e  f r a c t i o n s  a n d  r e n d e r e d  c l o s e  p a c k i n g  o f  t h e
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f i n e s t  f r a c t i o n s  p o s s i b l e  a s  a i r  c u s h i o n i n g  b e t w e e n  t h e  p a r t i c l e s  

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

f i n e  p o w d e r s .

The a c c u r a c y  o f  t h e  d e t e r m i n e d  b u l k  d e n s i t y  d e p e n d s  on  t h e  

r e p r o d u c i b i l i t y  o f  t h e  v o lu m e  m e a s u r e m e n t .  H ig h  v a l u e s  a r e  

g e n e r a l l y  more a c c e p t a b l e  t h a n  low  o n e s  b e c a u s e  i t  i s  a  maximum 

p a c k i n g  d e n s i t y  t h a t  i s  b e i n g  m e a s u r e d .  S i e v i n g  a n d  s a m p l in g  

e r r o r s  a r e  s m a l l  b u t  p a c k i n g  a p p e a r s  t o  d e p e n d  on  how t h e  s a m p le  

h a d  b e e n  m ix e d .  C o n in g  o f  t h e  s a m p le  b e f o r e  p o u r i n g  i n t o  t h e  

c y l i n d e r  was a d o p t e d  a s  s t a n d a r d  p r o c e d u r e  b e c a u s e  i t  im p r o v e d  

r e p r o d u c i b i l i t y .  D u p l i c a t e s  w i t h i n  2 ° / o  w e re  g e n e r a l l y  o b t a i n e d e 

The n e c e s s i t y  o f  e m p lo y in g  l a r g e r  s i z e  r a t i o s  t h a n  t h e  1 . 2  o f  t h e  

B . S . S .  s i e v e s  i n  t h e  l a r g e r  s i z e s  l e d  t o  t h e  e f f e c t  o f  s i z e  r a t i o  

o n  b u l k  d e n s i t y  b e i n g  i n v e s t i g a t e d .  B e tw e e n  t h e  s t a n d a r d  v a l u e  

o f  1 . 2  a n d  a b o u t  1 . 5  t h e  e f f e c t  was n e g l i g i b l y  s m a l l .  T h i s  

r a n g e  c o v e r s  t h e  r e q u i r e m e n t s  o f  t h i s  w o r k .

The b u l k  d e n s i t y  o f  q u a r t z  was d e t e r m i n e d  t o  f i n d  how i t  

v a r i e d  w i t h  s i z e  a s  a  g u i d e  t o  w h a t  m ig h t  b e  e x p e c t e d  o f  c o k e .

The r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  6 a l o n g  w i t h  t h o s e  o f  c o k e s  

V I I  an d  P .  T hey  a r e  e r r a t i c  b u t  show a  m ark ed  f a l l  i n  b u l k  

d e n s i t y  w i t h  s i z e .  On t h e  o t h e r  h a n d  t h e  b u l k  d e n s i t y  o f  Coke 

P i n  i t s  r a n g e  o f  z e r o  p o r o s i t y  b e lo w  25m. i s  r e m a r k a b l y  c o n 

s t a n t ,  c o r r e s p o n d i n g  t o  a  v o i d a g e  o f  5 2 ° / o  t h a t  i s  t h e  same a s  

t h a t  o f  s m a l l  q u a r t z .  The e r r a t i c  v a l u e s  o b t a i n e d  o f  q u a r t z  

may b e  d u e  s i m p l y  t o  i t s  v e r y  w id e  r a n g e  o f  s h a p e s  t o  w h ic h  was 

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

a v e r a g e  p a r t i c l e  w e i g h t  Ws .
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The f a l l  i n  b u l k  d e n s i t y  o f  q u a r t z  d o e s  seem  t o  b e  r e a l  h o w e v e r .  

I t  o c c u r s  m a i n l y  i n  s i z e s  a b o v e  2 2 m . . B elow  t h a t  s i z e  b u l k  

d e n s i t y  may b e  c o n s i d e r e d  a l m o s t  c o n s t a n t  b u t  v e r y  e r r a t i c .  The 

c a u s e  o f  t h e  f a l l  c a n n o t  b e  e x p l a i n e d  e s p e c i a l l y  a s  t h e  

( c o u n t i n g )  s h a p e  f a c t o r  k  was c o n s t a n t .

B u lk  d e n s i t i e s  o f  c o k e s  I ,  V I I ,  a n d  P w e re  d e t e r m i n e d  a t  a l l  

m esh  s i z e s  a n d  V I I  a n d  P a t  some l a r g e r  s i z e s  a l s o .  The o t h e r  

c o k e s  w e re  d e t e r m i n e d  a t  s m a l l  an d  l a r g e  m esh  s i z e s  a n d  a t  a  few  

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

s t a n t  p o r o s i t y .  D a ta  f o r  c o k e s  I ,  V I I ,  a n d  P a r e  su m m a r iz e d  

g r a p h i c a l l y  i n  F i g u r e  6 w h e re  Db i s  p l o t t e d  a g a i n s t  S • The 

c u r v e s  a r e  o f  t h e  e x p e c t e d  f o r m .  Coke V I I  show s t h e  d o u b l e  s t e p  

i n d i c a t i n g  t h e  two r a n g e s  o f  p o r e  s i z e  a s  d i d  t h e  c o u n t i n g  m e th o d .  

Coke P h a d  one p o r e  s i z e  r a n g e  o n l y  a s  e x p e c t e d .  D a ta  a t  l a r g e  

s i z e s  w e re  n o t  o b t a i n a b l e  f o r  Coke I .  C u r v e s  f o r  t h e  o t h e r  

c o k e s  w e re  i n  l i n e  w i t h  t h o s e  o f  I  an d  V I I  a n d  a r e  n o t  p r e s e n t e d  

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

t o  t h e  l a r g e s t  s i z e s  o n l y  h a v e  b e e n  i n c l u d e d  i n  T a b le  I I I  f o r  

a n o t h e r  p u r p o s e .

B r o a d l y  s p e a k i n g  t h e  ” s t e p s ’1 o b t a i n e d  i n d i c a t e  t h e  same p o r e  

r a n g e s  a s  w e re  o b t a i n e d  f r o m  t h e  c o u n t i n g  m e th o d  b u t  w i t h  d i f f e r 

e n c e s  i n  d e t a i l s .  O g iv e s  a r e  g e n e r a l l y  l e s s  s h a r p  a n d  t h e  

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

The v a l u e  o f  D r /D a  i s  i n v a r i a b l y  much lo w e r  t h a n  t h a t  o b t a i n e d  

f r o m  d e n s i t y  m e a s u r e m e n ts  o f  f r o m  t h e  c o u n t i n g  m e th o d .  T h i s  

c o n fo rm s  w i t h  t h e  b e h a v i o u r  o f  q u a r t z  and  m u s t  b e  d u e  t o  some 

c h a n g e  i n  p r o p e r t i e s  a f f e c t i n g  p a c k i n g .  T h i s  q u e s t i o n  i s  d i s -
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c u s s e d  i n  f u l l  i n  S e c t i o n  12 a l o n g  w i t h  o t h e r  r e l e v a n t  i n 

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

p a r t i c u l a t e  m a t t e r .

On t h e  w h o le  t h e s e  e x p e r i m e n t s  h a v e  c o n t r i b u t e d  l i t t l e  t o  

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

u s e f u l  a s  a n  a l t e r n a t i v e  t o  t h e  c o u n t i n g  m e th o d  for., e s t i m a t i n g  

p o r e  s i z e  d i s t r i b u t i o n  b e c a u s e  o f  t h e  c h a n g e  i n  p a c k i n g  c h a r a c 

t e r i s t i c s  i n  a  s i z e  r a n g e  w h ic h  c a n n o t  b e  d e t e r m i n e d  e x a c t l y .  

T h i s  i s  p a r t i c u l a r l y  u n f o r t u n a t e  s i n c e  t h e  t e c h n i q u e  h a s  b e e n  

f o u n d  t o  b e  so  s i m p l e  a n d  r e p r o d u c i b i l i t y  r e a s o n a b l y  g o o d .
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SECTION 1 2 .

SHAPE FACTORS.

T o t a l  i g n o r a n c e  o f  s h a p e  f a c t o r s  was a  m a t t e r  f o r  some 

c o n c e r n  w hen t h e  w o rk  was com m enced . S o m e th in g  h a s  b e e n  

l e a r n e d  o n  t h e  w ay , b u t  t h e  i n f o r m a t i o n  o b t a i n e d  i s  l i m i t e d  t o  

a  few  m a t e r i a l s  o n l y  an d  e v e n  among t h e s e  some f e a t u r e s  l a c k  

e x p l a n a t i o n .

The s h a p e  f a c t o r s  k  o b t a i n e d  b y  t h e  c o u n t i n g  m e th o d  a r e  

g i v e n  i n  T a b le  IX .  Two v a l u e s  a r e  g i v e n  f o r  e a c h  m a t e r i a l  -  

t h e  c o n s t a n t  v a l u e  f o r  l a r g e  p i e c e s  w h ic h  h a d  l o s t  no  p o r o s i t y ,  

a n d  t h a t  f o r  s m a l l  p a r t i c l e s  w h ic h  w e re  f r e e  o f  p o r e s .  A lo n g 

s i d e  a r e  g i v e n  t h e  v o i d a g e s  a p p l y i n g  t o  t h e  b u l k  d e n s i t y  m e a s u r e 

m e n ts  -  a g a i n  tw o v a l u e s  f o r  e a c h  m a t e r i a l .  The v a l u e s  o f  k  

w e re  o f  c o u r s e  o b t a i n e d  f r o m  t h e  l o g  Wg/  l o g  S g r a p h s ,  f r o m  t h e  

i n t e r c e p t s  i n  t h e  o r d i n a t e  l o g  S = 0  ( S « l c m . ) o f  t h e  l i n e a r  

p a r t s  o f  t h e  c u r v e s  ( p r o d u c e d  i f  n e c e s s a r y . ) .  The i n t e r c e p t s  

g i v e  t h e  v a l u e s  o f  l o g  ( k .D )  w h en ce  k  c a n  b e  o b t a i n e d  i f  D 

i s  k n o w n . D i s  e i t h e r  Da  o r  Da., a n d  t h e  a c c u r a c y  o f  k  c a n n o t  

b e  b e t t e r  t h a n  t h a t  o f  t h e  a p p r o p r i a t e  d e n s i t y  v a l u e .  The 

a c c u r a c y  o f  t h e  V o id a g e  f i g u r e s  i s  p r o b a b l y  n o t  b e t t e r  t h a n  

t  3 ° / 0 a s  t h e y  d e p e n d  on  D a l s o ,  an d  o n  t h e  b u l k  d e n s i t y  

d e t e r m i n a t i o n .

An i m p o r t a n t  f e a t u r e  o f  t h e  l o g  w / l o g  S p l o t s  i s  t h a t  t h e  

g r a d i e n t s  o f  t h e  l i n e a r  p o r t i o n s  a r e  a l l  v e r y  c l o s e  t o  3 .

T h i s  a p p l i e s  t o  t h e  v e r y  l a r g e  s i z e s  o f  p o r o u s  c o k e s ;  t o  t h e  

i n t e r m e d i a t e  s i z e s  i n  w h ic h  t h e r e  i s  a p p a r e n t l y  no  p o r e  r u p t u r e ;  

t o  t h e  s m a l l  s i z e s  w h e re  t h e  c o k e s  a r e  n o n - p o r o u s ;  a n d  p a r t i c 

u l a r l y  t o  q u a r t z  an d  t h e  n o n - p o r o u s  r a n g e  o f  s i z e s  o f  Coke P .
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I t  w o u ld  seem  t h a t  a n  e a r l i e r  a s s u m p t i o n  t h a t  v a l u e s  o f  k  v a r y  

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

o r  z e r o  p o r o s i t y .  The a s s u m p t i o n  i s  s t i l l  s u b j e c t  t o  t h e  n a t u r e  

o f  t h e  m a t e r i a l  h o w e v e r  a n d  may n o t  h o l d  f o r  t h o s e  w i t h  s t r o n g  

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

TABLE IX .  -  S h a p e  F a c t o r s  a n d  V o i d a g e s .

Coke
S h ap e F a c t o r  k V o id a g e  ° / 0

L a r g e S m a l l
t

L a r g e S m a l l

I 0 .6 0 4 0 . 6 1 8 - 5 3 . 1

I I 0 .5 8 9 0 .5 5 7 4 3 . 0 5 5 . 0

IV 0 .6 3 5 0 .6 1 9 4 1 . 4 5 4 . 5

V 0 .6 5 6 0 .6 3 8 4 1 . 6 5 1 . 7

VI 0 . 6 5 0 0 .6 2 8 4 3 . 7 5 3 . 0

V I I 0 . 6 4 0 0 .6 1 8 4 3 . 7 53  *3 .

p 0 .6 5 0 0 .6 2 6 4 3 . 5 5 2 . 0

Q 0 .6 4 2 0 .6 4 2 4 6 . 3 5 1 . 0

The g e n e r a l  i m p r e s s i o n  g a i n e d  f r o m  T a b le  IX i s  t h a t  s h a p e  

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

i n  t h a t  r a n g e  t h e  v a r i a t i o n  a p p e a r s  q u i t e  r a n d o m .  Coke I I  f o r  

e x a m p le  i s  a  b l o c k y  c o k e  f o r  w h ic h  a  h i g h  f a c t o r  m ig h t  h a v e  b e e n  

e x p e c t e d ,  b u t  i t  h a s  t h e  l o w e s t  f a c t o r ;  P on  t h e  o t h e r  h a n d  I s  

a  s o f t  m a t e r i a l  f o r m i n g  f o u n d e d  lu m p s  f o r  w h ic h  a  lo w  v a l u e  o f
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k  a p p r o a c h i n g  t h a t  f o r  s p h e r e s  w o u ld  h a v e  b e e n  p r e d i c t e d ,  b u t  

i t s  v a l u e  i s  one  o f  t h e  h i g h e s t .  T hen  e v e n  w h e re  t h e r e  i s  a  

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

w i l l  p r o b a b l y  b e  s m a l l .  The a s s u m p t i o n  t h a t  k  w o u ld  b e  n e a r l y  

c o n s t a n t  e v e n  f o r  n o n - p o r o u s  m a t e r i a l s  i s  t h e r e f o r e  j u s t i f i e d #  

The d i f f e r e n c e  b e tw e e n  t h e  v a l u e s  o f  k  f o r  l a r g e  a n d  

s m a l l  s i z e s  o f  t h e  same c o k e  i s  o f  c o u r s e  a  m e a s u r e  o f  t h e  

a c c u r a c y  w i t h  w h ic h  t h e  c o u n t i n g  m e th o d  h a s  m e a s u r e d  i t s  p o r 

o s i t y *  The a b v i o u s  t e n d e n c y  f o r  k  t o  h a v e  a  s m a l l e r  v a l u e  

a t  s m a l l e r  s i z e s  c a n n o t  b e  e x p l a i n e d .

The v o i d a g e  f i g u r e s  ( T a b l e  IX ) a r e  o f  l i t t l e  u s e  i n  h e l p 

i n g  t o  i n t e r p r e t  t h e  v a r i a t i o n s  i n  k  .  T h ey  t o o  v a r y  w i t h i n  

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

u n r e l a t e d  t o  t h e  v a r i a t i o n s  i n  k  . The v o i d a g e s  o b t a i n e d  a t  

l a r g e  s i z e s  c o r r e s p o n d  f a i r l y  w e l l  w i t h  t h o s e  g i v e n  i n  T a b l e  V I I I  

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

r a t i o  i s  i n  t h i s  c a s e  much s m a l l e r  ( 1 . 2  a g a i n s t  2 . 0 ) .  T h e se  

a r e  b e i n g  c o n s i d e r e d  " n o r m a l "  v o i d a g e s  an d  t h o s e  o b t a i n e d  a t  

s m a l l e r  s i z e s  a r e  b e i n g  c o n s i d e r e d  " h i g h " .  M ost o f  t h e  b u l k  

d e n s i t i e s  m e a s u r e d  h a v e  t h e r e f o r e  b e e n  " lo w "  f o r  r e a s o n s  t h a t  

w i l l  b e  d i s c u s s e d  l a t e r .

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

s i z e s  o f  t h e  c o k e s  h a s  b e e n  fo u n d  v e r y  l a r g e  a n d  t h i s  c o r r e s 

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

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

t r i b u t i o n  s h o u l d  n o t  b e  m e a s u r e d  b y  t h a t  m ethod#
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F i g u r e  7 h a s  b e e n  p r e p a r e d  t o  show how t h e  A p p a r e n t  

D e n s i t y  F a c t o r s  (Ds/ D a )  measure(3- b y  t h e  tw o m e th o d s  d i f f e r .

The g r a p h s  h a v e  b e e n  d ra w n  f o r  C okes  V I I  a n d  P a n d  f o r  Q u a r t z  * 

Coke V I I  i s  t y p i c a l  o f  t h e  m e t a l l u r g i c a l  c o k e s  a n d  was c h o s e n  

b e c a u s e  i t s  d a t a  w e re  m o s t  c o m p l e t e .  I n  t h a t  c a s e  t h e  r e s u l t s  

b y  t h e  two m e th o d s  d i v e r g e  m o s t  m a r k e d l y  a t  l a r g e  s i z e s ,  t h e  

d i f f e r e n c e  e s t a b l i s h e d  a t  5 /6 m .  b e i n g  m a i n t a i n e d  w i t h  o n l y  

s l i g h t  i n c r e a s e  down t o  a b o u t  6 0 m . .  A t s t i l l  s m a l l e r  s i z e s  

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

i n g .  The b u l k  d e n s i t y  a t  v e r y  s m a l l  s i z e s  was n o t  q u i t e  c o n 

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

m e th o d  i n d i c a t e d  no  p o r e  r u p t u r e .  Coke P a g a i n  show ed  t h e  

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

becam e  p r a c t i c a l l y  c o n s t a n t  b e t w e e n  6m. a n d  16m. b u t  a g a i n  

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

t o  22m . s i z e ,  w h i l e  t h e  b u l k  d e n s i t y  was c o n s t a n t  b e lo w  1 6 m . .

I n  t h i s  c a s e  v o i d a g e  a n d  k  w e re  b o t h  c o n s t a n t  o v e r  a  v e r y  

w id e  r a n g e  o f  s i z e s  down t o  2 0 0 m . .  Q u a r t z ,  b e i n g  n o n - p o r o u s  

a n d  h a v i n g  a  c o n s t a n t  k  w o u ld  h a v e  b e e n  e x p e c t e d  t o  b e h a v e  

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

i s  show n t o  h a v e  d i m i n i s h e d  ( r a t h e r  e r r a t i c a l l y )  w i t h  d i m i n i s h 

i n g  s i z e .  (s<?e *. I so Fi'a

I t  m ig h t  b e  d e d u c e d  t h a t  t h e  i n c r e a s e  i n  v o i d a g e  o b t a i n e d  

o f  q u a r t z  i s  a  n o r m a l  f u n c t i o n  o f  s i z e  l i a b l e  t o  b e  f o u n d  i n  

a l l  m a t e r i a l s  t o  a  g r e a t e r  o r  l e s s  d e g r e e .  Coke P h o w e v e r  

i s  a  v e r y  n o t a b l e  e x c e p t i o n  w h ic h  p r e v e n t s  a  g e n e r a l  c o n c l u s i o n  

b e i n g  d r a w n .



The r e a s o n  f o r  t h e  a p p a r e n t  c h a n g e s  i n  p a c k i n g  c h a r a c t e r 

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

l i t t l e  c a n  b e  a d d e d  t o  t h e  b r i e f  r e v i e w  i n  S e c t i o n  1 1 .  I n  

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

w i t h  r e s p e c t  t o  Ws i s  c o n s t a n t  ( o r  n e a r l y  s o ) ,  t h a t  r e f e r r i n g  

t o  b u l k  d e n s i t y  w i l l  b e  c o n s t a n t  t o o .  B u t  e v e n  t h i s  i s  n o t  

c e r t a i n .  P a c k in g  i s ,  h o w e v e r  s u b j e c t  t o  o t h e r  f a c t o r s  t h a n  

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

p o r t a n t  i n  t h e  c a s e  o f  p o r o u s  m a t e r i a l  l i k e  c o k e .  When i t s  

p a r t i c l e  s i z e  i s  d e c r e a s e d  s o  f a r  t h a t  t h e  f e a t u r e s  o f  t h e  

s u r f a c e  w h ic h  make i t  " r o u g h ” , t h a t  i s  t h e  e x p o s e d  p o r e s ,  a r e  

o f  s i z e  c o m p a r a b l e  w i t h  t h e  p a r t i c l e s  t h e m s e l v e s  t h e n  i t  may 

b e  e x p e c t e d  t h a t  t h e  p a r t i c l e s  w i l l  p a c k  d i f f e r e n t l y .  The 

p a r t  w h ic h  may b e  p l a y e d  b y  p r o j e c t i o n s  f r o m  t h e  m a in  b o d y  o f  

t h e  p a r t i c l e  I n  h o l d i n g  i t  a p a r t  f r o m  o t h e r s  c a n  b e  im a g in e d  

q u a l i t a t i v e l y  b u t  c o u l d  h a r d l y  b e  s u b j e c t e d  t o  m e a s u r e m e n t .

A s t r o n g  e f f e c t  d u e ^ r o u g h n e s s  w o u ld  b e  e x p e c t e d  down t o  t h e  

s m a l l e s t  s i z e s  i n  w h ic h  t h e r e  w e re  p o r e s  b u t  m ig h t  a t  s m a l l  

s i z e s  b e  a u g m e n te d  b y  o t h e r  f a c t o r s  s u c h  a s  a d s o r b e d  f i l m s ,  

e l e c t r o - s t a t i c  e f f e c t s ,  o r ,  p r o b a b l y  m o s t  i m p o r t a n t ,  g r e a t l y  

i n c r e a s e d  f r i c t i o n  e f f e c t s  d u e  t o  t h e  r a p i d l y  i n c r e a s i n g  num ber 

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

t h e s e  p o i n t s  t h e  e n e r g y  r e q u i r e d  t o  s h a k e  t h e  p a r t i c l e s  i n t o  

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

h e a t ,  a n d  a s  t h e i r  nu m b er i n c r e a s e s  i t  b e co m es  more a n d  more 

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

h i g h e s t  v a l u e s  o f  b u l k  d e n s i t y  t h e n  o b t a i n e d  w o u ld  f a l l  s h o r t
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o f  t h e  t h e o r e t i c a l  maximum v a l u e s #  Thus " lo w ” b u l k  d e n s i t i e s  

o b t a i n e d  a t  l a r g e  s i z e s  s u c h  a s  5/6m # a r e  p r o b a b l y  d u e  t o  

s u r f a c e  r o u g h n e s s  e f f e c t s ;  t h b s e  a t  s m a l l  s i z e s  a r e  m ore 

l i k e l y  t o  b e  c a u s e d  b y  b t h e r  f a c t o r s  s u c h  a s  d e s c r i b e d  ab o v e#  

As t h e  g r e a t e s t  i n c r e a s e  i n  v o i d a g e  i n  t h e  m e t a l l u r g i c a l  

c o k e s  o c c u r r e d  n e a r  t h e  s i z e  r a n g e  i n  w h ic h  t h e  l a r g e s t  p o r e s  

a r e  b r o k e n  dow n, i t  w o u ld  b e  i n t e r e s t i n g  t o  know i f  t h e  c h a n g e  

i n  k  a l s o  o c c u r s  i n  t h i s  same r a n g e .  I f  t h i s  c o u l d  b e  

p r o v e d  i t  w o u ld  b e  a  v a l u a b l e  c o n t r i b u t i o n  t o  r e d u c i n g  t h e  u n 

c e r t a i n t i e s  o f  t h e  c o u n t i n g  m e th o d  f o r  p o r e  d i s t r i b u t i o n #  Un

f o r t u n a t e l y  t h e r e  i s  no  w ay o f  a p p l y i n g  t h e  s m a l l  am oun t o f  

d a t a  a v a i l a b l e  t o  p r o v e  o r  d i s p r o v e  t h i s  p o i n t .

a



84

SECTION 1 3 .

THE PORE SIZE DISTRIBUTION OF COKE.

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

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

o b t a i n e d  a r e  p r e s e n t e d  a l o n g  w i t h  some e x p l a n a t i o n s  a n d  c r i t i 

c i s m s .

O n ly  t h e  d i s t r i b u t i o n  o f  "b u b b l e ” p o r e s  d e f i n e d  i n  S e c t i o n  

7 h a s  b e e n  m e a s u r e d  a n d  t h e  v a l u e s  o f  " b u b b l e ” p o r o s i t y  g i v e n  i n

TABLE X . -  P o r o s i t i e s  b y  D e n s i t i e s  a n d  b y  C o u n t in g *

Coke I I I IV V VI | V I I *

B u b b le  p o r o s i t y  
b y  d e n s i t i e s %

5 1 . 5 5 9 . 1 5 1 . 1 50*5 4 7 . 1 | 5 1 . 5 6 1 .2

B u b b le  p o r o s i t y  
b y  c o u n t i n g ^

5 2 . 7 5 7 . 2 4 9 . 6 4 7 . 5 4 5 . 0 4 9 . 9 5 9 . 7

° / o  E r r o r . 2*4 3 . 2 2 . 9 6 . 0 4 . 5 3 . 3 2 . 4

T a b le  VI h a v e  b e e n  e m p lo y e d  i n  t h e  c a l c u l a t i o n *  An a l t e r 

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

c o n s t a n t  v a l u e  o f  k  • The p o r o s i t i e s  o b t a i n e d  b y  t h e  two 

m e th o d s  a r e  l i s t e d  f o r  c o m p a r i s o n  i n  T a b le  X . E a c h  m e th o d  i s  

l i a b l e  t o  i t s  own e r r o r s  a n d  t h e r e  i s  a  s m a l l  f u n d a m e n t a l  

d i f f e r e n c e  b e t w e e n  t h e  q u a n t i t i e s  t h a t  t h e y  m e a s u re *  B u b b le  

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

g i v e s  t h e  p o r o s i t y  d e f i n e d  b y  Da  a n d  Ds w h e re  S c o r r e s p o n d s  

t o  t h e  a p e r t u r e  s i z e  a t  t h e  l o w e s t  o g iv e *  The d i f f e r e n c e  b e 

tw e e n  Ds a n d  i s  d u e  t o  t h e  s u r f a c e  c o n c a v i t i e s  i n  t h e s e
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s m a l l  p a r t i c l e s  t h e  v o lu m e  o f  w h ic h  w as o r i g i n a l l y  p o r e  v o lu m e « 

D ia k o n  f i l l s  t h e s e  p o r e s  b u t  i n  t h e  c o u n t i n g  m e th o d  t h e i r  v o lu m e  

i s  r e c k o n e d  a s  p o r e  v o lu m e • P o r o s i t i e s  b y  t h e  c o u n t i n g  m e th o d  

a r e  t h e r e f o r e  l o w e r  t h a n  t h o s e  b y  d e n s i t i e s .  The l a t t e r  a r e  

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

o f  t h e  c o k e s .

The n e x t  q u e s t i o n  i s  how t o  d e a l  w i t h  t h e  c h a n g i n g  v a l u e  

o f  k  . As t h e r e  i s  no  m eans o f  a t t r i b u t i n g  t h e  c h a n g e  t o  

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

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

s i z e s  • The c h i e f  j u s t i f i c a t i o n  f o r  t h i s  a s s u m p t i o n  i s  i t s  

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

t h a t  t h e  a t t e n d a n t  e r r o r  i s  s p r e a d  o v e r  t h e  w i d e s t  r a n g e  o f  

s i z e s  t h u s  m i n i m i z i n g  i t s  e f f e c t .

The C a l c u l a t i o n

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

c u r v e  c a n  ' b e s t  b e  d e s c r i b e d  b y  w o r k in g  t h r o u g h  a  s p e c i f i c  

e x a m p l e .  The d a t a  o f  Coke I  w i l l  b e  u s e d .

F rom  t h e  l o g  Ws / l o g  S p l o t  a l r e a d y  p r e s e n t e d  i n  F i g u r e  

4 ( i n  b a c k  p o c k e t )  t h e  v a l u e  o f  t h e  ,fA p p a r e n t  D e n s i t y  F a c t o r "  

( A . D . F . )  c o r r e s p o n d i n g  t o  e a c h  s i z e  p l o t t e d  w as a b s t r a c t e d .

T h i s  f a c t o r  i s  t h e  r a t i o  Ds /D a  a n d  i s  o b t a i n e d  a s  t h e  a n t i 

l o g a r i t h m  o f  t h e  i n t e r c e p t  on  t h e  o rdJL na te  a t  S b e tw e e n  t h e  

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

t o  maximum p o r o s i t y ,  p r o d u c e d  t o  s i z e  S • The n e c e s s a r y  

c o n s t r u c t i o n  h a s  a l r e a d y  b e e n  i n d i c a t e d  i n  F i g u r e  2 .
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T h e se  A p p a r e n t  D e n s i t y  F a c t o r s  w e re  p l o t t e d  a g a i n s t  l o g  

S a s  i n  F i g u r e  8 w h e re  t h e i r  v a l u e s  w e re  ” s m o o th e d ’1 a n d  

t h e n  r e a d  o f f  a g a i n s t  t h e  m ore c o n v e n i e n t  s e t  o f  s i z e s  , i n  

t h e  s c a l e  o f  t h o u s a n d t h s  o f  a n  i n c h .  T h e s e  v a l u e s  a r e  l i s t 

e d  i n  T a b le  XI w h e re  t h e  r e s t  o f  t h e  c a l c u l a t i o n  w as c a r r i e d  

o u t  •

I n  Colum n I  o f  T a b le  X I a r e  l i s t e d  t h e  v a l u e s  o f  s i z e  

c h o s e n .  T hey  a r e  a l l  i n  t h o u s a n d t h s  o f  a n  i n c h .

C olum n 2 g i v e s  t h e  c o r r e s p o n d i n g  v a l u e s  o f  t h e  A .D .F .  r e a d  

o f f  F i g u r e  8 (o n  a  l a r g e r  s c a l e ) .

I n  Colum n 3 a r e  c a l c u l a t e d  t h e  v a l u e s  o f  P g = l  -  Da/ D g 

w h ic h  i s  t h e  p o r o s i t y  d e s t r o y e d  b y  d e g r a d a t i o n  t o  s i z e  S , 

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

0 . 4  S i n  d i a m e t e r .  ( s e e  p a g e  65. )

The maximum p o r o s i t y  g i v e n  i n  Colum n 3 i s  t h e  v a l u e  o b 

t a i n e d  b y  t h e  c o u n t i n g  m e th o d  a n d  l i s t e d  i n  T a b le  X.

I n  Colum n 4 a l l  p o r o s i t i e s  h a v e  b e e n  r e d u c e d  p r o p o r t i o n 

a t e l y  so  t h a t  t h e  maximum p o r o s i t y  i s  t h a t  c a l c u l a t e d  f r o m  

d e n s i t i e s  Da  a n d  D ^ . T h i s  a d j u s t s  t h e  d a t a  t o  t h e  b a s i s  

o f  c o n s t a n t  s h a p e  f a c t o r .

I n  C o lum ns 5 a n d  6 t h e  c u m u l a t i v e  d i s t r i b u t i o n  d a t a  o f  

C olum n 4 a r e  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  s i z e .  The i n c r e 

m en t o f  p o r o s i t y  c o r r e s p o n d i n g  t o  e a c h  s i z e  r a n g e  i s  l i s t e d  

a g a i n s t  t h e  mean v a l u e  o f  S i n  t h a t  r a n g e .

I t  w i l l  b e  n o t e d  t h a t  a l l  o f  t h e s e  s i z e  r a n g e s  a r e  n o t  o f

e q u a l  w i d t h  a n d  i n  Column 7 t h e  i n c r e m e n t s  o f  p o r o s i t y  h a v e

b e e n  a d j u s t e d  b y  t h e  n e c e s s a r y  f a c t o r  t o  b e  p e r  c e n t  o f  p o r 
o s i t y  p e r  l / lO O O th  o f  a n  i n c h  i n  s i z e  r a n g e .
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TABLE XI* -  C a l c u l a t i o n  o f  P one  S i z e  D i s t r i b u t i o n .

1 2 3 4

:

5i 6 ! '7 8

4 ...... ........  .....

P a r t  P o r o -
S' ""
P o r o  i l e a n  o f P o r o  P o r o  1 P /s.

i c l e  
S i z e  i 
{T h o u s);

j

I
|

A .D .F . o s i t y
> 0 .4 S

s i t y  
> 0 . 4 S  

( c o r r 
e c t e d  )

S i z e
R ange

S .
I

s i t y  
c o r r e 
s p o n d 
i n g  t o  
S i z e  

R an g e  
a t  S .

s i t y
p e r
Thod'
R an g e

i ( 6 / 5 )
f
i)i1i

800 1 
150 
100
...............-i-

1.00
1.19
1.343

0.0
16.0
25.6

0.0
15.6
25.0

150 25 .25 0.167

!
A A 1*343 25.6 25.0 43 0.2 0.1 0.0046
42 1.348 25 .8 25.2 41 0.3 0.15 0.0073
40 1.354 26.1 25.5 39 I 0.6 0.3 0.0154
38 1.363 26.7 26.1 37 1 0.7 0.35 0.0191
36 1*378 27.4 26.8 35 0.6 0 . 3 0.0172

34 1.390 28.0 27.4 33 0.85 0*43 0.0257
32 1.405 28.9 28*25 31 0.9 0.45 0.0290
30 1.428 3 0 . 0 29.35 29 o.85 : 0.44 0.0292
28 1.449 30.9 30.2 27 1.1 0 , 5 5 0.0410
26 1.470 32.0 31.3 25 0 . 9 0.44 0.0360

24 1.490 32.9 32.2 23 1.2 0.6 0.0522
22 1.520 34.2 33.4 21 1.35 0.68 0.0622
20 1.550 35.5 | 34.75 19.5 0.45 | 0.45 0.0231
19 1.562 36.0 35.2 18.5 0.6 i 0.6 0.0324
18 1 . 5 7 8 36.6 j 35.8 17.5 0.8 1 0.86 0.0456

17 1.593 37.3 ! 36.5 16.5 0.7 ! 0.7 0.0424
16 1.611 38.0 1 37*2 15,5 0.8 ! 0.8 0.0515
15 1.632 38.8 38.0 14.5 0.7 I 0.7 0.0482
14 1.658 39.6 38.7 13.5 0.9 i 0.9 0.0678
13 1.680 : 40.5 j 39.6 12.5 j 0.65 jf 0.65 0.0520

12 1.700 41.2 40.25 11.5 0.75 I 0.75 0.0652
11 1.725 42.0 41.0 10.5 0.9 1 0.9 0.0858
10 1.751 42.9 41.9 9.75 0.6 j 1.2 0.0616
9*5 1.770 43.5 42.5 9.25 0.7 [ 1.4 0.0754
9.0 1.790 44.2 43.2 8.75 0.55 |I 1.1 0.0620

8.5 f 1*808 ' 44.76 43.75 8.25 0.6 1.2 I 0.0728
8.0 1.830 45.4 44.35 7.75 0.65 1.3 ! 0.0863
7.5 1.855 46.1 i 45.1 7.25 0.9 1.8 f 0.1240
7.0 1.890 47.1 1 46.0 6.75 1.45 2.9 j 0.2150
6.5 1.940 48.5 ! 47.45 6.25 1.3 | 2.6 0.2080

6.0 1.992 49.9 48.75 5.75 1.3 2.6 0.2260
6 . 5 2.050 51.3 50.05 5.25 1.25 2,5 0.2190
5.0 2.105 52.5 51.2 4.75 O . l 5 i 0.3 0.0350
4.5
4.0

2.115
2.115

52.7 ; 51.5 4.25 0.0 | 0.0
% U-Ws o ̂

CoIuoakS ~~

0.0

-Z T i& r"  ”
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A t t h i s  s t a g e  c o m p a r a t i v e  d i s t r i b u t i o n  c u r v e s  c o u l d  h a v e  

b e e n  d ra w n  b u t  i t  w a s ■f o u n d  d e s i r a b l e  f i r s t  t o  s m o o th  t h e  

d a t a  a g a i n  b y  p l o t t i n g  t h e  v a l u e s  i n  Colum n 7 a g a i n s t  l o g  S 

a s  i n  F i g u r e  9 a n d  t o  e x t r a c t  t h e r e f r o m  s u i t a b l e  f i g u r e s  f o r  

r e p l o t t i n g  on  a n  a r i t h m e t i c  b a s i s .  T h e se  f i g u r e s  w e re  a d 

j u s t e d  i n  s e v e r a l  r e s p e c t s .  F i r s t l y  v a l u e s  o f  S w e re  c o n 

v e r t e d  t o  p o r e  d i a m e t e r s  d s , a n d  frheaa f r o m  t h o u s a n d s  o f  a n  

i n c h  t o  m i l l i m e t r e s , u s i n g  t h e  f a c t o r ,  0 . 0 1 .  S e c o n d l y  v a l u e s  

o f  p o r o s i t y  i n c r e m e n t  w e re  c o n v e r t e d  t o  p e r  c e n t  p o r o s i t y  p e r  

l/ lO O m m . r a n g e  o f  p o r e  s i z e s ®

The d i s t r i b u t i o n  c u r v e s  p r e s e n t e d  i n  F ig u re 'fL O w e re  t h e n  

d r a w n .  The f o r m  o f  t h e  c u r v e  f o r  t h e  u p p e r  r a n g e  c o u l d  n o t  

b e  c a l c u l a t e d  o n  t h e  d a t a  a v a i l a b l e .  The c u r v e s  d ra w n  i n 

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

t r i b u t i o n  t o  t h e  p o r o s i t y  i s  n o t e d  i n  e a c h  c a s e .  No a t t e m p t  

h a s  b e e n  made t o  r e p r e s e n t  t h e  i n t e r m i c e l l a r  p o r o s i t y  i n  t h e s e  

d i a g r a m s .

The d i s t r i b u t i o n s  f o r  C okes  I ,  I I ,  IV ,  V, V I ,  an d  V I I  a r e  

a l l  d ra w n  t o  t h e  same s c a l e .  The o r d i n a t e  a t  a n y  p o r e  s i z e  

d s i s  p r o p o r t i o n a l  t o  t h e  v o lu m e  o f  p o r e s  o f  t h a t  d ia m e te r ®

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

p o r o s i t i e s .  The d i s t r i b u t i o n  f o r  Coke P h a s  b e e n  d ra w n  t o  

d i f f e r e n t  s c a l e s  a n d  c a n n o t  r e a d i l y  b e  c o m p a re d  w i t h  t h e  o th e r s ®  

D i s t r i b u t i o n s  b y  n u m b e rs  o f  p o r e s  r a t h e r  t h a n  b y  t h e i r  v o lu m e  

a p p e a r  s i m i l a r  i n  fo r m  b u t  w i t h  t h e  mode a t  t h e  s m a l l  s i z e s  

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

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

b u t  i t  w as c a l c u l a t e d  t h a t  t h e r e  a r e  some t h o u s a n d s  o f  p o r e s  

o f  s i z e s  i n  t h e  l o w e r  r a n g e  f o r  e v e r y  one  i n  t h e  u p p e r  r a n g e .

I t  i s  s u r p r i s i n g  t o  f i n d  t h a t  t h i s  r a t i o  i s  s o  h i g h .  I t  h a s  

n o t  b e e n  p o s s i b l e  t o  d e v i s e  a n  i n d e p e n d e n t  c h e c k  o n  t h i s  w o rk  

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

a n d  a r e  d i s c u s s e d  b e l o w .

C om m ents .

The m o s t  s u r p r i s i n g  f e a t u r e  o f  t h e  p o r e  s i z e  d i s t r i b u t i o n s  

o f  t h e  s i x  m e t a l l u r g i c a l  c o k e s  i s  t h e i r  d i s t i n c t  d i v i s i o n  i n t o  

r a n g e s .  A p a r t  f r o m  t h e  r a n g e  o f  i n t e r m i c e l l a r  p o r e  s i z e s  

t h e  b u b b l e  p o r e s  a r e  d i v i d e d  i n t o  two r a n g e s ,  t h e  l o w e r  b e 

tw e e n  0 o05mm. a n d  0.7m m . an d  t h e  u p p e r  f r o m  a b o u t  1mm. t o  

2mm. w i t h  a p p a r e n t l y  a  r a n g e  o f  s i z e s  b e t w e e n ,  o f  w h ic h  t h e r e  

a r e  no  p o r e s .  E a c h  r a n g e  a c c o u n t s  f o r  a p p r o x i m a t e l y  h a l f  t h e  

p o r o s i t y  i n  e v e r y  c a s e .

The u p p e r  an d  lo w e r  l i m i t s  o f  e a c h  r a n g e  a r e  q u i t e  s i m i 

l a r  i n  a l l  s i x  c o k e s  a l t h o u g h  t h e  u n c e r t a i n t y  i n  t h e  l a r g e s t  

s i z e s  may b e  a s  g r e a t  a s  0 .2 5 m m ..  I t  i s  p r o b a b l y  much l e s s  

h o w e v e r ,  a n d  i n  a n y  c a s e  w o u ld  h a v e  l i t t l e  e f f e c t  on  t h e  

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

l a t e d  l a t e r .  The e v i d e n c e  i s  c l e a r  t h a t  i n s o f a r  a s  !fv i s i b l e ” 

s i z e s  o f  p o r e s  a r e  c o n c e r n e d  t h e r e  i s  no  i m p o r t a n t  d i f f e r e n c e  

b e t w e e n  a n y  tw o o f  t h e s e  c o k e s .  I t  m u s t  b e  s t r e s s e d  t h a t  i t  

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

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

p r e s e n t  i n  a l l  o f  t h e  c o k e s  b u t  i n  s u c h  s m a l l  p r o p o r t i o n s  a s
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n o t  t o  b e  d e t e c t a b l e  b y  t h e  p r e s e n t  m ethods©  I t  c a n  p r o 

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

b u t i o n  t o  t h e  p r o p e r t i e s  o f  t h e  c o k e .  T hey  w i l l  m a i n l y  b e  

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

a n d  a r e  p r o b a b l y  b r o k e n  down t o  b r e e z e  s i z e s  b e f o r e  t h e  c o k e  

r e a c h e s  t h e  d e - b r e e z i n g  s c r e e n s .

E x a m in in g  t h e  fo r m s  o f  t h e  d i s t r i b u t i o n  c u r v e s  o f  t h e  

l o w e r  s i z e  r a n g e s  i t  w i l l  b e  n o t e d  t h a t  t h e r e  a r e  tw o t y p e s  

o f  c u r v e .  C okes  I ,  I I ,  IV a n d  ( p e r h a p s )  V I I  g i v e  u n i m o d a l  

d i s t r i b u t i o n s  w i t h  v e r y  p r o m i n e n t  m odes a t  0 ,0 6 m m ,,  0 ,0 5 5 m m ,,  

0*05m m ,, a n d  0*075mm, r e s p e c t i v e l y .  The mode o f  V I I  was l e s s  

p r o n o u n c e d  t h a n  t h e  o t h e r s ,  a n d  i n  t h i s  a n d  c e r t a i n  o t h e r  r e 

s p e c t s  i t  f a l l s  r a t h e r  i n t o  t h e  o t h e r  t y p e  w i t h  V an d  VI w hose  

d i s t r i b u t i o n s  i n  t h i s  r a n g e  w e re  b i - m o d a l ,  w i t h  a  w eak  mode a t  

a b o u t  0 ,06m m , i n  e a c h  c a s e  an d  a n o t h e r  w i d e ,  l o w e r  maximum a t  

a b o u t  0 ,2 m m ,,

The g e n e r a l  fo r m  o f  t h e  d i s t r i b u t i o n  c u r v e s  c o u l d  n o t  

h a v e  b e e n  p r e d i c t e d  b y  m i c r o s c o p i c  e x a m i n a t i o n ,  A p r o n o u n c e d  

mode was s u s p e c t e d ,  h o w e v e r  among t h e  l a r g e s t  s i z e s  a n d  i t s  

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

m a rk e d  b r e a k  i n  t h e  c u r v e  b e tw e e n  t h e  u p p e r  an d  lo w e r  s i z e  

r a n g e s  i s  q u i t e  u n e x p e c t e d  a n d  s u b s e q u e n t  m i c r o s c o p i c  e x a m in 

a t i o n  f a i l s  t o  c o n v i n c e  t h a t  s u c h  a  w id e  r a n g e  o f  p o r e  s i z e s  

i s  d e f i n i t e l y  m i s s i n g .  I t  may b e  t h a t  t h e r e  i s  o n l y  a  v e r y  

d i s t i n c t  minimum i n  t h e  c u r v e  a n d  t h a t  t h e  c o u n t i n g  m e th o d  i s  

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

o s i t y  i n  t h e  r a n g e .  A n o th e r  p o s s i b l e  e x p l a n a t i o n  i s  s u g g e s t e d
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i n  a  f o o t n o t e  t o  t h i s  s e c t i o n *  T h i s  p a r t i c u l a r  f e a t u r e  o f  

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

a s  i t  d o e s  i n  a l l  s i x  m e t a l l u r g i c a l  c o k e s ,  t h o u g h  n o t  i n  t h e  

p a r a f f i n  c o k e .

T h e re  a r e  tw o p o s s i b l e  e x p l a n a t i o n s  o f  t h i s  s e p a r a t i o n  o f  

p o r e s  i n t o  tw o s i z e  r a n g e s .  T h ey  a r e  n o t  i n c o m p a t i b l e  b u t  

r a t h e r  t e n d  t o  r e i n f o r c e  e a c h  o t h e r ,  an d  may b o t h  o p e r a t e .

T h e re  was m e n t io n e d  on P .  17 t h e  p o s s i b i l i t y  t h a t  p o r e s  

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

i z a t i o n ,  o r  f r o m  t h e  i n t e r s t i c e s  b e t w e e n  th e m  a s  s o f t e n i n g  a n d  

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

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

p a r t i c l e s  an d  t h e  b i g g e r  p o r e s  i n  t h e  v o i d s  b e t w e e n  th e m .

T h i s  i s  s u p p o r t e d  b y  o b s e r v a t i o n s  made u n d e r  b i n o c u l a r  m ic r o s c o p e  

t h a t  w h i l e  t h e  s m a l l  p o r e s  a r e  n e a r l y  a lw a y s  s p h e r i c a l ,  l a r g e r  

o n e s  a r e  f r e q u e n t l y  i r r e g u l a r ,  f r e q u e n t l y  b u r s t  one  i n t o  a n o t h e r  

a n d  t o  some e x t e n t  r a m i f y i n g .

The o t h e r  e x p l a n a t i o n  i s  t h a t  i n  a n a l o g y  w i t h ,  s a y ,  s o a p  

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

w i l l  b e  much g r e a t e r  t h a n  t h a t  i n  a  l a r g e  p o r e ,  so  t h a t  l a r g e  

p o r e s  w i l l  t e n d  t o  g row  a t  t h e  e x p e n s e  o f  s m a l l  o n e s ,  p r o v i d e d  

t h e y  a r e  c o n n e c t e d  a n d  a s  l o n g  a s  t h e  c a r b o n i z i n g  m a t e r i a l  i s  

s u f f i c i e n t l y  p l a s t i c  t o  f l o w .  I t  seem s  d o u b t f u l  i f  t h i s  m ech- 

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

b u t  i t  c o u l d  make c o n t r i b u t i o n  o n c e  a  p o r e  s i z e  d i f f e r e n t i a l  

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

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

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

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

w h i l e  t h e  c o a l  was s t i l l  p l a s t i c .  S m a l l  p o r e s  make a  v e r y  

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

t h a t  c o n t r i b u t i o n  m u s t  b e  l a r g e l y  i n a v a i l a b l e  f o r  c o m b u s t i o n .

The d i s t r i b u t i o n s  o b t a i n e d  o f  t h e  l o w e r  r a n g e  o f  p o r e  s i z e s  

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

th e m  c o n s t i t u t e  one  o f  t h e  m o s t  d i s t i n c t i v e  f e a t u r e s  d i f f e r e n 

t i a t i n g  t h e  c o k e s .  W h ile  t h e  p o s s i b l e  e f f e c t s  o f  t h e s e  

d i f f e r e n c e s  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  two S e c t i o n s ,  i t  w i l l  

b e  m e n t i o n e d  h e r e  t h a t  a n  i n v e s t i g a t i o n  o f  t h e i r  c a u s e s  m ig h t  

l e a d  t o  i m p o r t a n t  i n f o r m a t i o n  on  t h e  m e c h a n ism  o f  c o k i n g  i n  t h e  

t e m p e r a t u r e  r a n g e  i n  w h ic h  t h e s e  s m a l l e s t  p o r e s  a r e  f o r m e d .

The r e a s o n  f o r  t h e  f o r m a t i o n  o f  s u c h  v e r y  l a r g e  n u m b e rs  o f  v e r y  

s m a l l  b u b b l e s  i n  s a y  Coke I I  c o m p a re d  w i t h  Coke VI m u s t  d e p e n d  

on  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  c o a l s  f r o m  w h ic h  t h e y  

a r e  m ad e . The p r e s e n t  w o rk  was n o t  d e s i g n e d  t o  e n q u i r e  i n t o  

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

was n o t  c o l l e c t e d  so  t h a t  f u r t h e r  d i s c u s s i o n  on  t h e s e  c o a l s  

c o u l d  o n l y  b e  s p e c u l a t i v e .

The d i s t r i b u t i o n  o f  p o r e s  o b t a i n e d  f o r  Coke P i s  much 

w i d e r  t h a n  t h o s e  o f  t h e  m e t a l l u r g i c a l  c o k e s .  I t  i s  b i - m o d a l  

r a t h e r  l i k e  t h e  l o w e r  r a n g e  o f  V a n d  V I .  The d i s t r i b u t i o n  

show s no  u n e x p e c t e d  o r  u n e x p l a i n a b l e  f e a t u r e s  e x c e p t  t h a t  t h e  

r e a s o n  f o r  t h e  l o w e r  mode i s  n o t  c l e a r .  I t  h a s  n o t  b e e n
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e x p l a i n e d  f o r  t h e  o t h e r  c o k e s  e i t h e r  h o w e v e r ,  h u t  i s  p r o 

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

g a s e s  o f  t h e  c a r b o n i z i n g  m a t e r i a l .  An i m p o r t a n t  f e a t u r e  i s  

t h a t  t h e r e  i s  no  c o m p l e t e  s e p a r a t i o n  o f  t h e  p o r e  s i z e s  i n t o  

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

e x p l a i n e d  f o r  Coke P i n  t h e  same w ay a s  i t  w as f o r  t h e  

m e t a l l u r g i c a l  c o k e s  b e c a u s e  p a r a f f i n  c o k e  i s  made f r o m  o i l  

r e s i d u e s  h a v i n g  no  i n t e r s t i t i a l  v o i d s  f r o m  w h ic h  t h e  l a r g e  p o r e s  

m ig h t  h a v e  b e e n  f o r m e d .

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

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

r e a l  v a l u e  l i e s  i n  a n y  q u a n t i t a t i v e  d e r i v a t i o n s  w h ic h  c a n  b e  

made f r o m  th e m .  When t h e  c a l c u l a t i o n s  o f  p o r e  s u r f a c e  a r e a s  

a n d  c e l l  w a l l  t h i c k n e s s e s  h a v e  b e e n  made a n d  d i s c u s s e d  i n  t h e  

s u b s e q u e n t  s e c t i o n s  t h e  r e a l  d i f f e r e n c e s  b e tw e e n  t h e  d i s t r i 

b u t i o n s  w i l l  b e  come e v i d e n t .

F o o t n o t e .

A n o t e  s h o u l d  b e  a d d e d  h e r e  o n  a  p o s s i b l e  r e a s o n  f o r  t h e  

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

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

p a r t i c l e s ,  a n d  i f  t h e s e  l a r g e r  p o r e s  a r e  j o i n e d  an d  r a m i f y i n g ,  

t h e y  may f o r m  a  n e t w o r k  o f  w e a k n e s s e s ,  one e f f e c t  o f  w h ic h  w o u ld  

b e  t h a t  t h e i r  p r e s e n c e  i n  p a r t i c l e s  b e lo w  a  c e r t a i n  s i z e  w o u ld  

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

t h a t  t h e y  w o u ld  b r e a k  t o  s m a l l e r  s i z e s .  Thus i t  c a n  b e  im a g in e d  

t h a t  t h e  r e l a t i o n s h i p

dg  si 0 .4 S
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m ig h t  b r e a k  down w i t h i n  a  r e s t r i c t e d  r a n g e  o f  d g an d  c a u s e  

some e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  p o r e  s i z e  d i s t r i b u t i o n .

T h i s  c a n  o n l y  b e  a  t e n t a t i v e  s u g g e s t i o n ,  b u t  t h e  i d e a  m ig h t  b e  

w o r t h y  o f  f u r t h e r  i n v e s t i g a t i o n .  I t  m ig h t  l e a d  t o  I n f o r m a t i o n  

on  t h e  f o r m a t i o n  o f  s h r i n k a g e  c r a c k s  an d  i n c i p i e n t  f i s s u r e s  i n  

c o k e , f a c t o r s  o f  g r e a t  i m p o r t a n c e  a f f e c t i n g  s t r e n g t h .
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SECTION 1 4 .

PORE SURFACE AREAS.

P o r e  s u r f a c e  a r e a  may b e  c a l c u l a t e d  a s  f o l l o w s  f r o m  t h e  p o r e  

s i z e  d i s t r i b u t i o n s  i f  t h e  a s s u m p t i o n  i s  made t h a t  t h e  p o r e s  a r e  

s p h e r i c a l *  M i c r o s c o p i c  e x a m i n a t i o n  show s t h a t  t h i s  i s  a p p r o x i 

m a t e l y  t r u e  f o r  t h e  s m a l l e r  p o r e s ,  t h a t  i s  t h o s e  i n  t h e  lo w e r  

r a n g e ,  b u t  t h a t  t h e  s u r f a c e s  o f  t h e  l a r g e r  .p o r e s  a r e  m ore i r r e g 

u l a r .  As t h e s e  c o n t r i b u t e  o n l y  a  s m a l l  p r o p o r t i o n  ( a b o u t  1 0 ° / o )  

o f  t h e  t o t a l  s u r f a c e  a r e a  t h e  e r r o r  i n v o l v e d  i n  m ak in g  t h e  

a s s u m p t i o n  i s  n o t  h i g h ,  a n d  a s  t h e  v o lu m e  o f  l a r g e  p o r e s  i s  s i m i 

l a r  i n  a l l  c o k e s  i t  seem s r e a s o n a b l e  t h a t  t h e  m a g n i tu d e  o f  t h e  

e r r o r  w i l l  n o t  b e  v e r y  d i f f e r e n t  f r o m  one  c o k e  t o  a n o t h e r .  The 

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

C o n s i d e r i n g  t h e  p o r e s  i n  a  n a r r o w  r a n g e  o f  s i z e s  o f  d i a m e t e r  

dl l e t  t h e i r  v o lu m e  V b e  a  f r a c t i o n  |o o f  t h e  t o t a l  p o r e  v o lu m e ,

i.e. ft- P  o f  t h e  c o k e  v o lu m e  w h e re  P  i s  t h e  f r a c t i o n a l  p o r o s 

i t y  o f  t h e  c o k e .

The Volum e o f  e a c h  p o r e  ^  d*
ta b"PThe Number o f  P o r e s  p e r  u n i t  Coke v o lu m e  «
it d 4

The S u r f a c e  a r e a  o f  t h e s e  p o r e s  _ fa
&

T h e r e f o r e  t h e  t o t a l  p o r e  a r e a  p e r
v  bP  . —. C 1°

u n i t  c o k e  v o lu m e  - = /  fc> —r -  o H Z . T
<* <* d.

"C h
The e v a l u a t i o n  o f  2. i s  m o s t  r e a d i l y  d e m o n s t r a t e d  by e x t e n d i n g

d ^
T a b l e  X I .  The v a l u e s  i n  Colum n 5 a r e  p r o p o r t i o n a l  t o  d ,  b e i n g  

g r e a t e r  b y  a  f a c t o r  */r = V o . 4  i n  e v e r y  c a s e .  V a lu e s  i n  Colum n 6 

a r e  p r o p o r t i o n a l  t o  h  a n d  a s  t h e i r  sum e q u a l s  100  P  e a c h ,
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d i v i d e d  b y  100  P g i v e s  t h e  f r a c t i o n a l  p o r o s i t y  fa t h a t  i s  r e 

q u i r e d .  Colum n 8 g i v e s  t h e  q u o t i e n t s  o f  t h e  v a l u e s  i n  Colum n 6 

d i v i d e d  b y  t h o s e  i n  5 a n d  t h e i r  su m  m u l t i p l i e d  b y  ----------   ^  i s• ' 0 ‘Zl x IOOV
C Jo

t h e  r e q u i r e d  2_

H ence t h e  p o r e  a r e a  p e r  u n i t  v o lu m e  o f  c o k e  i s  o b t a i n e d  a s  

( t h e  Sum o f  Colum n 8 ,X  „ The u n i t s  m u s t  s t i l l  b e  a d j u s t e d
rr \J

t o  cm2/c m 3 •

The v a l u e s  o b t a i n e d  f o r  t h e  v a r i o u s  c o k e s  a r e  g i v e n  i n  T a b le  

X I I ,  a l o n g  w i t h  t h o s e  o f  c e l l  w a l l  t h i c k n e s s .  T h e se  v a l u e s  a r e  

d e p e n d e n t  on  t h e  v a l i d i t y  o f  t h e  f a c t o r  f t ® ° ' 4  , a n y  e r r o r  i n  

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

TABLE X I I . -  P o r e  S u r f a c e  A r e a s  a n d  C e l l  
o f  t h e  C okes  E x a m in e d .

W a l l  T h i c k n e s s e s

P o r e  S u r f a c e  A re a  i n C e l l  W a l l  T h i c k n e s
C o k e .

c m .^  p e r  cm. 3 o f  M a s s iv e i n

Coke • mmso •

I 142 0 .0 5 8

I I 185 0 .0 4 5

IV 152 0 .0 5 5

V 114 0 .0 8 2

VI 99 0 . 0 9 1  ,

V I I 99 0 . 0 8 7

P 31 0 .2 5
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Coke P i s  o u t  o f  l i n e  w i t h  t h e  o t h e r s  f o r  o b v i o u s  r e a s o n s  an d  

n e e d  n o t  b e  c o n s i d e r e d  f u r t h e r .

Among t h e  m e t a l l u r g i c a l  c o k e s  i t  i s  a t  o n c e  a p p a r e n t  t h a t  

t h e  S c o t t i s h  C okes  I ,  I I ,  a n d  IV  h a v e  a  much more e x t e n s i v e  p o r e  

s u r f a c e  t h a n  t h e  D urham  a n d  W e ls h  c o k e s .  T h i s  c a n  b e  a t t r i b u t e d  

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

a b o u t  0 .0 7 m m ..  T h a t  i s  p a r t i c u l a r l y  n o t i c a b l e  i n  I I  w h ic h  h a s  

b y  f a r  t h e  g r e a t e s t  s u r f a c e  a r e a .  The c o n t r i b u t i o n s  made b y  

v a r i o u s  s i z e  r a n g e s  o f  p o r e s  t o  t h e  s u r f a c e  o f  C okes  I ,  I I  an d  

VI a r e  su m m a r iz e d  i n  T a b le  X I I I .

TABLE X I I I .  -  S u r f a c e  A re a  C o n t r i b u t i o n s  b y  V a r i o u s  R an g e s  

o f  P o r e  S i z e .

C o k e .
S u r f a c e  o f P0r e s  i n  S i z e  R ange  I n d i c a t e d

< 0.1m m . 0 . 1  -  0.2mm. 0 . 2  -1 .0 m m . U p p e r  Ra

I 81 32 1 9 . 4 9 . 6

I I 111 38 26 1 0 . 0

VI 33 30 2 7 . 0 9 . 0

The r a n g e  <  0 . 1  mm. c o r r e s p o n d s  w i t h  t h o s e  m axim a m e n t io n e d  

a b o v e  a n d  t h e y  a r e  c l e a r l y  shown t o  make t h e  m o s t  v a r i a b l e  

c o n t r i b u t i o n  t o  s u r f a c e  a r e a .  The c o n t r i b u t i o n  i s  a l s o  o f  m o s t  

d o u b t f u l  e f f e c t  h o w e v e r ,  a s  t h e s e  a r e  t h e  v e r y  p o r e s  w h i c h ,  i t  

h a s  b e e n  a r g u e d  may owe t h e i r  e x i s t e n c e  t o  t h e  f a c t  t h a t  t h e y  

w e re  v i r t u a l l y  s e a l e d  o f f  a t  t h e  t im e  o f  t h e i r  f o r m a t i o n .  I f  

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

e f f e c t i v e  s u r f a c e  a r e a s  o f  t h e s e  c o k e s .  E v e n  b y  v i r t u e  o f  t h e i r  

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

b u t i o n  t o  e f f e c t i v e  o r  a c t i v e  s u r f a c e  i s  p r o b a b l y  much s m a l l e r  
r

t h a n  s t a i g h t  c a l c u l a t i o n  s u g g e s t s .

No s u i t a b l e  t e s t  h a s  y e t  b e e n  d e v i s e d  t o  m e a s u r e  t h e  a v a i l 

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

v o lu m e  w o u ld  b e  e a s i e r  t o  a s s e s s  b u t  o f  much l e s s  u s e .  A t y p e  

o f  t e c h n i q u e  w h ic h  m ig h t  l e a d  t o  t h e  d e s i r e d  i n f o r m a t i o n  w o u ld  

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

b e i n g  e x a m i n e d .  I t  w o u ld  d e p e n d  on  d i f f u s i o n  r a t e s  a n d  r e s u l t s  

w o u ld  p r o b a b l y  b e  v e r y  d i f f i c u l t  t o  i n t e r p r e t .  C o m p a r in g  a s  

e x t r e m e  c a s e s  C o k es  I I  an d  VI i t  c a n  b e  shown t h a t  s u r f a c e  

" a v a i l a b i l i t y  f a c t o r s "  i n  t h e  r a t i o  152 w o u ld  make t h e i r  a v a i l a b l e  

s u r f a c e s  a p p r o x i m a t e l y  e q u a l .  I n s p e c t i o n  o f  t h e  a p p r o p r i a t e  

f i g u r e s  i n  T a b l e s  X I I  a n d  X I I I  s u g g e s t s  t h a t  s u c h  v a l u e s  f o r  t h e  

a v a i l a b i l i t y  f a c t o r  a s ,  s a y  0 . 3  f o r  I I  a n d  0 . 6  f o r  VI w o u ld  b e  

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

s u r f a c e  o f  I I  i s  e f f e c t i v e l y  g r e a t e r  t h a n  t h a t  o f  V I .  U n t i l  a  

s u i t a b l e  t e s t  o f  a c c e s s i b i l i t y  i s  d e v i s e d  t h e  u s e f u l n e s s  o f  t h e s e  

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

The e f f e c t  o f  p o r o s i t y  a l o n e  o n  p o r e  s u r f a c e  a r e a  i s  dem on

s t r a t e d  i n  F i g u r e  I I .  The t h r e e  c u r v e s  r e p r e s e n t  t h e  p o r e  s u r 

f a c e s  o f  s e r i e s  o f  c o k e s  h a v i n g  p o r e  d i s t r i b u t i o n s  l i k e  C okes  I ,

I I  a n d  V I ,  an d  i n  e a c h  c a s e  b u b b l e  p o r o s i t i e s  f r o m  4 0  -  6 0 ° /o «
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FIGURE 11*

E ffe c t  o f  P o ro sity  and 

Pore S ize  D istr ib u tio n  

on Pore Surface Areas*
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P o r e  s u r f a c e  i s  i n  e a c h  c a s e  p r o p o r t i o n a l  t o  p o r o s i t y  b u t  i t  

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

t h a n  p o r o s i t y *  I t  i s  p a r t i c u l a r l y  n o t a b l e  t h a t  a  c o k e  w i t h  a  

d i s t r i b u t i o n  l i k e  VI a n d  6 0 ° / o  p o r e s ,  w o u ld  h a v e  a s  s m a l l  a  p o r e  

s u r f a c e  a r e a  a s  one  w i t h  a  d i s t r i b u t i o n  l i k e  I I  a n d  o n l y  4 0 ° / o 

p o r e s .  T h e s e  a r e  e x t r e m e  c a s e s  t h a t  p o s s i b l y  c o u l d  n o t  b e

i m p o r t a n c e  o f  d i s t r i b u t i o n  a n d  j u s t i f y  t h e  a s s e r t i o n  o f  R am sb erg  

a n d S p e r r  i n  1917  t h a t  t h e  d e t e r m i n a t i o n  o f  p o r o s i t y  a l o n e  was 

v a l u e l e s s *

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

o f  ffg o o d tf D urham  a n d  W e ls h ,  a n d  np o o r ,f S c o t t i s h  c o k e  c a n n o t  p r o 

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

f a c t o r  seem s v e r y  p r o b a b l e  b u t  t h e r e  i s  no  e v i d e n c e  y e t  t h a t  i t  

i s  a  m a jo r  f a c t o r .  F u t u r e  i n v e s t i g a t i o n s  m u s t  a s s e s s  t h e  a v a i l 

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

a v a i l a b l e  p o r e  s u r f a c e  a n d  r e a c t i v i t y .  I t  may w e l l  b e  t h a t  some 

o t h e r  f a c t o r  s u c h  a s  c h e m i c a l  c o m p o s i t i o n  o r  t h e  p r e s e n c e  o f  c a t a 

l y s t s  i s  o f  much g r e a t e r  i m p o r t a n c e  t h a n  s u r f a c e  a r e a .

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

s i d e r e d .  T h i s  m u s t  b e  o f  v e r y  g r e a t  e x t e n t ,  b u t  v e r y  i n a c c e s s i b l e .  

I t s  e f f e c t  on  t h e  c o m b u s t i o n  o f  c o k e  i s  q u i t e  i n c a l c u l a b l e  h o w e v e r  

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

o n  t h e  c o m b u s t i o n  p r o p e r t i e s  o f  t h e  c o k e  w o u ld  b e  w o r t h y  o f  f u r t h e r  

i n v e s t i g a t i o n .

r e a l i z e d  i n  p r a c t i c e  b u t  t h e y  do  h e l p  t o  s t r e s s  t h e  p o t e n t i a l
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SECTION 1 5 ,

THE AVERAGE CELL WALL THICKNESS.

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

c a n  b e  a s su m e d  ( a s  i n  S e c t i o n  1 4 )  t o  b e  s p h e r i c a l  o r  t o  h a v e  some 

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

w a l l s  a r e  o f  a p p r o x i m a t e l y  t h e  same t h i c k n e s s  t h r o u g h o u t 0 The 

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

shown t h a t  i t  i s  t h e i r  v o lu m e  a n d  s i z e  d i s t r i b u t i o n  t h a t  a r e  m o s t  

i m p o r t a n t  i n  d e t e r m i n i n g  t h e  c e l l  w a l l  t h i c k n e s s *  The l a t t e r  

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

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

c o k e  t o  co k e*

U s i n g  t h e  same s y m b o ls  a s  i n  t h e  p r e v i o u s  S e c t i o n  a n d  c o n 

s i d e r i n g  u n i t  v o lu m e  o f  a  r e p r e s e n t a t i v e  p o r t i o n  o f  c o k e  -  

The t o t a l  v o lu m e  o f  p o r e s  o f  d i a m e t e r  d  ^

C o n s i d e r  t h e  c o k e  t o  b e  b u i l t  u p  e n t i r e l y  o f  a  l a r g e  num ber o f  

c e n o s p h e r e s  e a c h  w i t h  a  s h e l l  c/2 t h i c k  w h e re  c i s  t h e  c e l l  w a l l  

t h i c k n e s s  o f  t h e  c o k e .

The t o t a l  v o lu m e  o f  t h e s e  c e n o s p h e r e s  -  2  +
c* TV 3

= p  T
B u t  t h i s  e q u a l s  u n i t y ,  a  a 3

therefore P ( I ,  |  + 3 \  j  c + 3 ^ C l t  1 c’)  = I

( n £ ) «  - I.

Now t h e  e v a l u a t i o n  o f5 -^ -  was d e m o n s t r a t e d  i n  t h e  p r e v i o u s  

S e c t i o n  an d  t h o s e  o f  2  a n d  2  ^3 c a n  b e  c a r r i e d  o u t  i n  t h e0(  c \ t '  ^

sam e w a y .  The v a l u e  o f  P  i s  known f o r  e a c h  co k e*  H ence c
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FIGURE 12a
Effect o f poiroslty and 
Pore Size Distribution 
on Cell Wall Thickness*

z
c

£
J
J<
3
-1

40 6 0

P o  R o s t T Y  %

c a n  b e  o b t a i n e d  b y  s o l v i n g  t h e  a b o v e  c u b i c  e q u a t i o n .  T h i s  i s

r e a d i l y  d o n e  u s i n g  a  g r a p h i c a l  m e th o d .

The v a l u e s  o f  c s o  o b t a i n e d  h a v e  b e e n  i n c l u d e d  i n

T a b le  X I I .  T h e s e  may a g a i n  b e  I n  some s l i g h t  e r r o r  i n v e r s e l y

p r o p o r t i o n a l  t o  t h a t  i n  ‘R « o * 4 #

I g n o r i n g  Coke P i t  i s  s e e n  t h a t  t h e  maximum v a l u e  o f  c 

i s  a b o u t  t w i c e  t h e  m inim um . A g a in  S c o t t i s h  c o k e s  a n d  t h e  D urham  

a n d  W e ls h  c o k e s  f o r m  tw o s e p a r a t e  g r o u p s .

The s e p a r a t e  e f f e c t s  o f  p o r o s i t y  a n d  s i z e  d i s t r i b u t i o n  c a n  

a g a i n  b e  d e m o n s t r a t e d .  I n  F i g u r e  12  t h e  c e l l  w a l l  t h i c k n e s s e s  

c o r r e s p o n d i n g  t o  p o r o s i t i e s  f r o m  4 0  -  6 0 ° / o  a n d  d i s t r i b u t i o n s  

l i k e  t h o s e  o f  I ,  I I  a n d  VI a r e  p r e s e n t e d  g r a p h i c a l l y .  The

p a t t e r n  i s  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  p o r e  s u r f a c e  a r e a s  an d
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r e q u i r e s  l i t t l e  co m m en t.  The v a l u e  o f  c i s  v e r y  much a f f e c t e d  

b y  t h e  n u m b er  o f  s m a l l  p o r e s  -  a n d  u n f o r t u n a t e l y  b y  w h a t e v e r  

e r r o r s  a r e  made i n  t h e i r  a s s e s s m e n t .

I t  was t h o u g h t  t h a t  t h i s  p r o p e r t y  m ig h t  b e  o f  some im p o r 

t a n c e  i n  d e t e r m i n i n g  t h e  ’’s t r e n g t h ” o f  t h e  m a t e r i a l s  -  p a r t i c u 

l a r l y  t h e i r  a b r a s i o n  s t r e n g t h .  The s a m p le s  a v a i l a b l e  w e re  n o t  

s u i t a b l e  f o r  a  C o c h r a n e  t e s t  a n d  i t  was t h o u g h t  t h a t  t h e  " N o r t h e r n  

Coke C o m m i t t e e ’ s M ic r o - H a r d n e s s  T e s t "  ( 2 8 )  w o u ld  b e  t h e  m o s t  

a p p r o p r i a t e  w i t h  w h ic h  t o  t e s t  t h e  h y p o t h e s i s .  T h a t  t e s t  h a d  t o  

b e  m o d i f i e d  i n  some r e s p e c t s .  I t  was n o t  p o s s i b l e  t o  a p p l y  I t  t o  

c o k e  l a r g e  e n o u g h  t o  c o n t a i n  t h e  w h o le  r a n g e  o f  p o r e  s i z e s  b u t  a  

s i z e  was c h o s e n  ( l / l 6 "  -  3 / 3 2 " )  w h ic h  w o u ld  i n c l u d e  a l l  t h e  l o w e r  

r a n g e  o f  p o r e s  a n d  i n  w h ic h  t h e  c e l l  w a l l s  a r e  p r a c t i c a l l y  t h e  same 

t h i c k n e s s  a s  i n  l a r g e  c o k e .  The s i z e  u s e d  i n  t h e  s t a n d a r d  t e s t  

i s  o n l y  1 4 /2 5  m e sh .  The w e i g h t  o f  s a m p le  u s e d  was i n c r e a s e d  f r o m  

2 g ra m s  t o  10  g ra m s  b e c a u s e  o f  t h e  b i g g e r  p a r t i c l e s ®  The c o k e  

w as c h a r g e d  i n t o  t h e  s t a n d a r d  s i z e  o f  s t e e l  t u b e  -  12" l o n g  b y  1" 

d i a m e t e r  a l o n g  w i t h  10 s t e e l  b a l l  b e a r i n g s  e a c h  3/ 8" i n  d i a m e t e r .  

The t u b e  was r o t a t e d  r o u n d  t h e  m i d - p o i n t  o f  i t s  a x i s  a t  a  r a t e  o f  

28  t i m e s  p e r  m i n u t e .

The e f f e c t  o f  t h e  n u m b er o f  t u r n s  g i v e n  t h e  t u b e  on  t h e  d i s 

t r i b u t i o n s  o f  t h e  d e g r a d e d  c o k e  w as e x a m in e d  i n  some p r e l i m i n 

a r y  e x p e r i m e n t s  an d  i t  was d e c i d e d  t o  m e a s u re  o n l y  t h e  — 22m. 

a n d  - 7 2 m .  f r a c t i o n s .  I n  e a c h  t e s t  t h e  c o k e  w as h a n d  s i e v e d  

a f t e r  ( a b o u t )  1 0 0 ,  2 5 0 ,  4 5 0 ,  a n d  6 0 0  t u r n s  a n d  r e t u r n e d  t o  t h e  

m a c h in e  f o r  f u r t h e r  d e g r a d a t i o n .  T e s t s  w e re  c a r r i e d  o u t  i n  

d u p l i c a t e  f o r  e a c h  c o k e  a n d  p l o t s  w e re  made o f  t h e  - 2 2 m .  an d
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' -7 2 in .  f r a c t i o n s  a g a i n s t  t h e  n u m b er  o f  t u r n s  g i v e n  t h e  t u b e .

F i g u r e  13 show s t h e  p l o t  o f  t h e  —22m. f r a c t i o n .  The 72m. p l o t  

was v e r y  s i m i l a r  a n d  h a s  n o t  b e e n  i n c l u d e d .

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

c o k e s  a c c o r d i n g  t o  t h e i r  r e l a t i v e  " m i c r o - s t r e n g t h s " .  The 

s i g n i f i c a n c e  o f  t h a t  t e r m  i s  r a t h e r  o b s c u r e .  The c o k e  i n  t e s t  

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

a b r a s i o n .  I t  i s  i m p o r t a n t  t h a t  i t s  d e g r a d a t i o n  f r o m  t h e  s i z e  

c h a r g e d  i s  n o t  d e p e n d e n t  u p o n  p r e - f o r m e d  f i s s u r e s  a n d  c r a c k s  a s  i s  

t h e  c a s e  w i t h  t h e  l a r g e r  s c a l e  s t r e n g t h  t e s t s .  The p r e s e n t  t e s t  

i s  a n  a t t e m p t  t o  co m p are  t h e  c e l l u l a r  s t r u c t u r e s  o f  t h e  c o k e s  

r a t h e r  t h a n  t h e i r  s t r e n g t h s  i n  t h e  m a s s iv e  s t a t e .

F i g u r e  13 show s Coke V t o  h a v e  t h e  h i g h e s t  " m i c r o - s t r e n g t h " ;  

C okes  I I  a n d  VI a r e  n e x t  i n  o r d e r  f o l l o w e d  b y  I  a n d  IV ,  w i t h  

Coke V I I  t h e  b e e h i v e  c o k e  b y  f a r  t h e  w e a k e s t  o f  t h e  s i x .

T h i s  o r d e r i n g  6 f  t h e  c o k e s  o b v i o u s l y  c o r r e l a t e s  v e r y  p o o r l y  

w i t h  t h a t  b y  c e l l  w a l l  t h i c k n e s s .  I t  may b e  p o i n t e d  o u t  h o w e v e r  

t h a t  t h e  s t r o n g  c o k e s  V, I I ,  an d  VI a r e  t h o s e  w h ic h  h a v e  h i g h  r e a l  

d e n s i t y .  T h i s  s u g g e s t s  t h a t  t h e  i n h e r e n t  h a r d n e s s  o f  t h e  c o k e -  

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

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

o f  c o k i n g  t e m p e r a t u r e  a n d  may b e  c l o s e l y  r e l a t e d  t o  r e a l  d e n s i t y .  

D a t a  f r o m  s i x  c o k e s  i s  i n s u f f i c i e n t  o n  w h ic h  t o  t e s t  t h e  c o r r e 

l a t i o n  o f  m i c r o - s t r e n g t h  a g a i n s t  b o t h  o f  t h e s e  v a r i a b l e s  b u t  tw o 

a d d i t i o n a l  e x p e r i m e n t s  w e re  c o n d u c t e d  t o  i n v e s t i a g e  i t s  d e p e n d 

e n c y  u p o n  th e m .



I n  t h e  f i r s t  a  s a m p le  o f  Coke I  was r e h e a t e d  a t  1450°C  o u t  

o f  c o n t a c t  w i t h  a i r ,  a n d  i t s  s t r e n g t h  d e t e r m i n e d .  I t  w as fo u n d  

t o  h a v e  i n c r e a s e d  t o  a  v a l u e  s i m i l a r  t o  t h a t  o f  I I  an d  V I .  I t s  

d e n s i t y  h a d  a l s o  i n c r e a s e d .  ( M ark X on  F i g u r e  1 3 )

S e c o n d l y  a  s i m i l a r  s a m p le  w h ic h  was b e i n g  r e h e a t e d  a t  1200°C  

w as a c c i d e n t a l l y  o x i d i z e d .  I t s  s t r e n g t h  was m e a s u r e d  a l s o  a n d  

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

d e n s i t y ) .  (M ark 0 o n  F i g u r e  1 3 ) .  T h i s  i s  a t t r i b u t e d  t o  a  

g e n e r a l  r e d u c t i o n  i n  i t s  c e l l  w a l l  t h i c k n e s s  d u e  t o  t h e  o x i d a t i o n

T h e s e  t e s t s  s u g g e s t  t h a t  b o t h  f a c t o r s  s t u d i e d  a f f e c t  t h e  

m i c r o - s t r e n g t h  o f  c o k e  b u t  i t  c a n n o t  b e  d e d u c e d  t o  w h a t  e x t e n t  

e a c h  i s  i m p o r t a n t .  I t  w o u ld  b e  n e c e s s a r y  t o  i n v e s t i g a t e  t h e  i n 

h e r e n t  s t r e n g t h  o f  t h e  c o k e - c a r b o n  an d  f i n d  a  m eans o f  e q u a l i z i n g  

i t  i n  a l l  t h e  c o k e s  ( e . g .  b y  r e - c o k i n g  a t  v e r y  h i g h  t e m p e r a t u r e )  

b e f o r e  r e - t e s t i n g  t h e  s t r e n g t h  /  c e l l  w a l l  t h i c k n e s s  c o r r e l a t i o n .  

I t  h a s  n o t  y e t  b e e n  p o s s i b l e  t o  c a r r y  o u t  t h i s  w D rk .

The s i g n i f i c a n c e  o f  t h i s  m e a s u re m e n t  o f  s t r e n g t h  a n d  t h e  

v a l u e  o f  t h e  a t t e m p t e d  c o r r e l a t i o n  may b o t h  seem  r a t h e r  d o u b t f u l ,  

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

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

o f  w h ic h  t h e y  a r e  c o m p o se d .  T h i s  a p p l i e s  p a r t i c u l a r l y  t o  t h e i r  

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

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

p r o b a b l y  a p p l i e s  a l s o ,  a l b e i t  i n  a  som ew hat l e s s e r  d e g r e e  t o  

r e s i s t a n c e  t o  c r a c k i n g  a n d  s h a t t e r i n g  u n d e r  m a jo r  i m p a c t  f o r c e s .
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SECTION 1 6 .

GENERAL CONCLUSIONS.

W h ile  e a c h  o f  t h e  l a s t  few  s e c t i o n  h a v e  b e e n  d e v o t e d  t o  

t h e  d r a w in g  o f  c o n c l u s i o n s  f r o m  t h e  e x p e r i m e n t a l  d a t a  i t  may

b e  u s e f u l  t o  su m m a r iz e  t h e  m ore i m p o r t a n t  f i n d i n g s  a n d  p u t  th e m  

i n  p e r s p e c t i v e  w i t h  one  a n o t h e r  a n d  w i t h  t h e  i n d u s t r i a l  p r o b le m s  

o f  w h ic h  t h e y  a r e  a  p a r t .

The m o s t  i m p o r t a n t  r e s u l t  o f  t h e  r e s e a r c h  i s  t h a t  f o r  t h e  

f i r s t  t im e  a  m e th o d  h a s  b e e n  d e v e l o p e d  f o r  t h e  m e a s u re m e n t  o f  

p o r e  s i z e  d i s t r i b u t i o n  i n  c o k e .  A s s u m p t io n s  made a n d  a c c u r a c y  

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

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

The m e th o d  i s  a  s u b s t a n t i a l  a d v a n c e  on  t h e  c l a s s i f i c a t i o n  o f  

M a l l e i s  b u t  o u g h t  t o  b e  a c c e p t e d  w i t h  some r e s e r v e  a n d  t h e  r e 

s u l t s  o b t a i n e d  b y  i t  u s e d  w i t h  c a u t i o n  u n t i l  t h e y  c a n  b e  c o n 

f i r m e d  b y  some i n d e p e n d e n t  t e c h n i q u e .  U n f o r t u n a t e l y  i t  i s  v e r y  

d i f f i c u l t  t o  c o n c e i v e  a n y  o t h e r  m e th o d  l i k e l y  t o  y i e l d  more 

c e r t a i n  r e s u l t s .

The d i s t r i b u t i o n s  o b t a i n e d  b y  t h i s  new m e th o d  a r e  u n e x p e c t e d  

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

s i z e s  -  t h e  u p p e r  an d  lo w e r  r a n g e s  o f  " b u b b l e "  p o r e s  a n d  t h e  

v e r y  s m a l l  " i n t e r m i c e l l a r "  p o r e s .  Of t h e  l a s t  nam ed s c a r c e l y  

a n y t h i n g  i s  k n o w n , e x c e p t  t h a t  t h e y  a c c o u n t  f o r  a b o u t  0 . 5  -  3 . 5  

p e r  c e n t  o f  p o r o s i t y  i n  t h e  v a r i o u s  c o k e s  e x a m i n e d .  The d i s 

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

f u l l y  w o rk e d  o u t ,  b u t  i f  l a r g e  s a m p le s  w e re  e m p lo y e d  a n d  a  

s p e c i a l  s e t  o f  s c r e e n s  p r e p a r e d ,  t h e  m e th o d  m ig h t  b e  u s e d  t o



110

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

The g e n e r a l  f o r m  o f  d i s t r i b u t i o n  o b t a i n e d  i s  r e m a r k a b l y  

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

t i o n s  o f  b u b b l e  p o r o s i t y  i n  e a c h  r a n g e  v a r i e s  o n l y  b e t w e e n  40  

an d  60  p e r  c e n t  o f  t h e  t o t a l .  The s i z e  l i m i t s  o f  e a c h  r a n g e  

a r e  s i m i l a r  f r o m  c o k e  t o  c o k e ,  an d  t h e  d i s t r i b u t i o n s  a r e  a l l  

s u c h  t h a t  t h e r e  a r e  n o  p o r e s  d e t e c t e d  o f  s i z e s  b e tw e e n  a b o u t  

0 . 6  a n d  l.Q m m . T h e se  f e a t u r e s  r e c u r  i n  s u c h  a  d e f i n i t e  m an n er  

t h a t  t h e i r  s i g n i f i c a n c e  i s  b e y o n d  d o u b t .

The m o s t  o b v io u s  d i f f e r e n c e  among t h e  c o k e s  a p p e a r s  i n  t h e  

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

p o r e s  o f  s i z e  l e s s  t h a n  0 . 1  mm. i s  v e r y  much h i g h e r  i n  t h e  t h r e e  

S c o t t i s h  c o k e s  t h a n  i n  t h e  D urham  a n d  W e lsh  c o k e s .  T h i s  d i f f e r 

e n c e  o c c u r r i n g  a s  i t  d o e s  b e tw e e n  tw o g r o u p s  i s  p r o b a b l y  v e r y  

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

m o s t  d i f f i c u l t  t o  d e t e r m i n e ,  t h e  m e a s u re m e n t  b e i n g  s u b j e c t  t o  

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

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

c l e s .  The m odes a t  a b o u t  0 .0 5  mm. may t h e r e f o r e  b e  r a t h e r  i n 

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

j u s t i f i e d .

U n f o r t u n a t e l y  t h e  d e r i v e d  v a l u e s  o f  p o r e  s u r f a c e  a r e a  an d  

c e l l  w a l l  t h i c k n e s s  d e p e n d  v e r y  much on  t h e  p r o p o r t i o n  o f  t h e s e  

s m a l l e s t  p o r e s  t h e  d i s t r i b u t i o n  o f  w h ic h  may h a v e  b e e n  m e a s u re d  

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

d i s t r i b u t i o n  b e tw e e n  t h e  S c o t t i s h  a n d  D u rh am -W elsh  g r o u p s  i s



I l l

a c c e p t e d  a s  s i g n i f i c a n t  t h e n  so  m u s t  t h e  d i f f e r e n c e s  b e tv /e e n  

t h e  g r o u p s  w i t h  r e s p e c t  t o  p o r e  s u r f a c e  a r e a  an d  c e l l  w a l l  

t h i c k n e s s .  The c a l c u l a t i o n s  made h a v e  show n t h a t  t h e  S c o t t i d i  

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

t h e  D urham  a n d  W e ls h  c o k e s .  The i m p o r t a n c e  o f  t h e s e  p r o p e r t i e s

i n  t e r m s  o f  r e a c t i v i t y  an d  s t r e n g t h  c a n n o t  y e t  b e  a s s e s s e d  b u t
\

i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  S c o t t i s h  c o k e s  a r e  g e n e r a l l y  con

s i d e r e d  t o  b e  i n f e r i o r  t o  D urham  an d  W e ls h  c o k e s  a s  b l a s t  f u r 

n a c e  f u e l s .

The a l l e g e d  s u p e r i o r i t y  o f  b e e h i v e  c o k e  i s  n o t  e x p l a i n e d  

b y  t h e  r e s u l t s  r e p o r t e d ,  f o r  Coke V I I  i s  n o t  v e r y  d i f f e r e n t  f r o m  

t h e  o t h e r  c o k e s  i n  i t s  g r o u p .  The lo w e r  l i m i t  o f  i t s  b u b b l e  

p o r e  s i z e s  i s  r a t h e r  h i g h e r  t h a n  i n  t h e  o t h e r  c o k e s  b u t  t h i s  

s i n g l e  o b s e r v a t i o n  c a n n o t  b e  r e g a r d e d  a s  s i g n i f i c a n t .

F u r t h e r  i n v e s t i g a t i o n  o f  t h e s e  d i s t r i b u t i o n s  w o u ld  b e  v e r y  

u s e f u l .  A much w i d e r  r a n g e  o f  c o k e s  o r  o t h e r  c h a r s  s h o u l d  b e  

e x a m in e d  an d  c o r r e l a t i o n  o f  d i s t r i b u t i o n  o f  p o r e  s i z e s  w i t h  

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

d i s t r i b u t i o n s  i n  h e l p i n g  t o  e l u c i d a t e  c o k i n g  m e ch a n ism  h a s  

a l r e a d y  b e e n  m e n t io n e d  • I n  a  s e n s e  t h i s  r e s e a r c h  l i e s  midway 

b e tw e e n  t h e  two e x t r e m e s  o f  p r a c t i c a l  c o k e - m a k in g  an d  b l a s t  

f u r n a c e  o p e r a t i o n ,  an d  may seem  t o  b e  f a r  re m o v e d  f r o m  u s e f u l  

a p p l i c a t i o n  i n  e i t h e r  d i r e c t i o n .  D i s p o s e d  i n  t h i s  way h o w e v e r  

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

h a s  n o t  y i e l d e d  m ore p o s i t i v e  r e s u l t s .



Of t h e  v a r i o u s  s i d e  i s s u e s  t o  t h e  m a in  them e  o f  t h e  r e 
ap*) a r e n t

s e a r c h  t h e  i n v e s t i g a t i o n  o r  -jg c a l  d e n s i t y  i s  p r o b a b l y  t h e  m o s t  

i m p o r t a n t #  The g e o m e t r i c  m e th o d  u s e d  i s  n o t  f u n d a m e n t a l l y  new , 

b u t  t h e  p l a n i n g  o f  t h e  wax t o  t h e  l e v e l  o f  t h e  c o k e  makes i t  

m ore  e x a c t  t h a n  h a s  b e e n  p r e v i o u s l y  r e p o r t e d #  The d e t e r m i n a t i o n  

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

n e e d  f o r  m e th o d s  w h ic h  c a n  b e  a p p l i e d  t o  goo d  a v e r a g e  s a m p le s  

o f  b r o k e n  m a t e r i a l #  The s u g g e s t i o n  t h a t  b u l k  d e n s i t y  m e a s u r e 

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

d e n s i t y  may p r o v e  t o  b e  o f  p r a c t i c a l  v a l u e #

The m e a s u re m e n t  o f  d e n s i t y  b y  t h e  d i s p l a c e m e n t  o f  D ia k o n  i s  

new a n d  m ig h t  h a v e  o t h e r  a p p l i c a t i o n s  b u t  t h e s e  w i l l  b e  l i m i t e d  

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

u n d e r  t h e  h i g h  m o u ld in g  p r e s s u r e s  r e q u i r e d .

The c o u n t i n g  t e c h n i q u e  e m p lo y e d  h a s  s u c c e s s f u l l y  m e a s u re d  

Ws a t  s m a l l e r  s i z e s  t h a n  p r e v i o u s l y  r e p o r t e d  a n d  c o u l d  b e  u s e d  

w i t h  r e f i n e m e n t  a t  s t i l l  s m a l l e r  s i z e s .  T h i s  t e c h n i q u e  c o u l d  

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

c l e s ,  an d  a n o t h e r  a p p l i c a t i o n  i s  i l l u s t r a t e d  i n  A p p e n d ix  B l.

I n  A p p e n d ix  t h e  i n v e s t i g a t i o n  o f  r e a l  d e n s i t y  d e t e r m i n a 

t i o n  h a s  made l i t t l e  p o s i t i v e  a d v a n c e  on  p r e v i o u s l y  p u b l i s h e d  

w ork#  The e x p e r i m e n t s  on  s i e v i n g  m e c h a n ism  d e s c r i b e d  i n  

A p p e n d ix  B w e re  d e s i g n e d  p r i m a r i l y  t o  show t h e  b e s t  s i e v i n g  

t e c h n i q u e  f o r  u s e  i n  t h e  m a in  r e s e a r c h  an d  w e re  t h u s  f a r  s u c c e s s 

f u l #  The s i e v i n g  t i m e s  d e d u c e d  t o  b e  n e c e s s a r y  w e re  v e r y  much 

l o n g e r  t h a n  a r e  g e n e r a l l y  e m p lo y e d  an d  t h e  r e s u l t s  s u g g e s t  t h a t

t h e  q u e s t i o n  o f  s i e v i n g  m e th o d s  r e q u i r e s  v e r y  f u l l  i n v e s t i g a t i o n #
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APPENDIX A.

AN INVESTIGATION HTTP METHODS OF DETEHUNING 

THE REAL DENSITY OF COKE#

The r e a l d en sity  o f  coke i s  conven iently  determined by the  

method given  in  B.S.S# 735/1937# B r ie f ly , about 5 grams o f  

coke ground below 72 mesh are weighed in to  a d en sity  b o t t le  

and covered w ith water which i s  b o ile d  g e n tly  fo r  h a lf  an hour 

to  expel a ir  from the pores and in te r s t ic e s#  The b o t t le  i s  then  

cooled^ f i l l e d  w ith  water and weighed# The cap acity  o f  the b o t t le  

i s  determined and the d en sity  o f  the coke ca lcu la ted  in  the  

u su a l way. This standard (b o ilin g )  method i s  much more repro

d ucib le than the noraal apparent d en sity  methods and has been  

accepted as adequate fo r  p o ro sity  determ inations • There are 

many referen ces however to  anomalous d e n s it ie s  obtained by 

displacem ent o f  liq u id s  other than w ater, and the question  

arose as to  whether the standard method was the one which gave 

the tr u e s t  value o f  Bp# The f i e ld  o f  study was a ttr a c t iv e  fo r  

the furth er reason th a t i t  might lead  to u s e fu l inform ation ©n 

the f in e s t  pores present in  coke*

Previous workers on th is  problem have produced a large  

body o f  data on the d e n s it ie s  o f  co a ls  and chars* U nfortunately  

none o f  them worked sy stem a tica lly  through a s u f f ic ie n t ly  wide 

range o f  cokes, coking temperatures or displacem ent f lu id s  to  

enable a comprehensive theory to  be formulated* In  those cases  

where accuracy o f  measurement was considered i t  was admitted  

to  be low -  u su a lly  so low as to  render the s ig n if ic a n c e  o f  the 

data very doubtful* Xn the presen t work the s ig n if ic a n c e  i s



114

TABLE XIV-  S e le c tio n  o f  Heal D ensity  Data from the L iteratu re

Liquid Coke A 

R ef. 29

CokeB 

Hef .30

Cokes C, D 

Ref.3 1 , 7

Coke F 

Ref .32

T ------------ -------
1 Charcoal
i - - 

Ref.34

Water 1.352 1.96 1 .9 8 5 (1 .8 4 1 1.854
r*"' *"*rv " 1 bi"

1 .84

Benzene 1.750 1.96 2 .054 1.797 2 . 0 1

C CI4 1.837 2.086 1.891 1.647

C Ss 1.876 1.941 1.984 2  .06

2 .142

C2 H5 0 H 1.892

s t i l l  n ot h igh because although the accuracy i s  improved the  

v a r ia tio n s  b ein g  stud ied  have been found to  be sm aller than were 

expected. A s e le c t io n  o f  the ea r ly  data i s  g iven  in  Table XIV 

from which the nature o f  the confusion  w i l l  be obvious.

G enerally the d en sity  obtained by the displacem ent o f  

g&deodS helium  i s  accepted as most l ik e ly  to  be co rrect because 

helium  has the sm a lle st o f  a l l  m olecules except hydrogen, and 

has a n e g lig ib ly  sm all van der Waal’ s f i e l d .  I t  can th erefore  

be expected to  p enetrate a pore system fa rth er  than any other  

f lu id  except hydrogen, and a t  the same time cannot be adsorbed 

on the in tern a l carbon su r fa ce s . U nfortunately the helium  

method has not been a t  the d isp o sa l o f  many workers. Smith 

and Howard (&&} found water to  g iv e  a value the same as or  

rather lower than helium , and Franklin (35) has obtained only  

a few va lu es from methyl a lco h o l s ig n if ic a n t ly  h igher .  Other
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workers have had to  invoke the d iffer en ce s  in  the p rop erties  o f  th« 

l iq u id s  to  tr y  to  exp la in  the v a r ia tio n s  in  measured d en sity , hut 

there was no way o f  decid ing  which liq u id  gave the tr u e s t  value*

In  the presen t work helium data are again m issin g , and the  

r e s u lt s  w i l l  have to  be considered prim arily  in  r e la t io n  to  the  

p ro p erties  o f  the liq u id s  used* These are l i s t e d  fo r  reference  

in  Table XV*

TABLE XV -  Belevant P rop erties Of Various Liquids*

Liquid* V isc o s ity

P oise

Surface
Tension

Ttyne

t
Dipole j 
Moment

e . s  *u. |

-----  --------
M olecular

Volume

cc ./m o l.

- -

Compressib
i l i t y

vol/atrax
xlO

Water 1 * 0 73 1.85 1 8 .0
'

40 -  50

Ethanol
•

1 * 2 22 .7 1#85 58 .3 1 0 0

Methanol i 0 . 6 2 2 . 6 i .7 8 4 0 .5 80

Acetone 0*32 23 .0 2 .72 73 .6 50 -  80

Ether I lew c. 2 2 i . i o  ! 103.0 160

Benzene 0 .6 5 2 8 .0 0  ] ■89 .0 87

Octane | 0 .7 1 2 1 . 0 0  j 156.0 180

c 0 .9 7 27 .0 0  j 96 .5 90

Xylene j 0 .S 1 3 0 .0 0  j
i

1 2 2 . 0 75

The most important o f  these p rop erties are probably molec

u la r  volume and d ip o le  moment* The former i f  large  would be

expected to  prevent the passage o f  the f lu id  through the f in e s t  o f  

the pores and so g iv e  low va lu es o f  density* High d ip o le  moment 

on the other hand would favour adsorption  on the pore surfaces*
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The liq u id  i s  then h ig h ly  compressed lo c a l ly  and tends to  g iv e  

a h igh  value o f  density* The other re lev a n t p rop erties  are -

( 1 ) v i s c o s i t y ,  which i f  high may delay  attainm ent o f  maximum 

penetration;

( 2 ) surface ten s io n , which i f  h igh  would u su a lly  favour a high  

degree o f  p en etration  o f  c a p illa r y  pores -  hut

(3 ) con tact angle w ith  carbon, i f  h igh would reduce, and i f  g rea t

er than 90° as in  the case o f  mercury would reverse the  

a c tio n  o f  surface ten sion ;

(4) co m p ress ib ility , which would accentuate the e f f e c t  o f  d ip o le  

moment i f  i t s e l f  h ig h .

The nature and exten t o f  the pore su rfaces might a lso  be impor

ta n t  in  conjunction e ith e r  w ith surface ten sio n  and con tact angle  

or w ith  so rp tio n .

The conten ts o f  Table XV* cannot be sa id  to  exp la in  those  

o f  Table XTV. The p o s it io n  seems to  be th a t the d en sity  obtained  

v a r ie s  w ith  the liq u id  d isp laced ; th a t owing to  the p o s s ib i l i t y  

o f  c o n f l ic t in g  fa c to r s  n e ith er  the h ig h est nor the low est value  

need be the co rrect one; nor i s  there any way o f  decid ing  which 

i s  co rrect w ithout recourse to  the sp e c ia l technique o f  the  

helium method* By the presen t work i t  was hoped to ga in  a b e t te r  

knowledge o f  the e f f e c t s  o f  the above fa c to rs  and i f  p o ss ib le  

to  decide what con d ition s would be most l ik e ly  to  g iv e  comparable 

r e s u lt s  i f  n ot true r e a l  d e n s it ie s .

In the p resen t in v e s t ig a t io n  the " b o ilin g” method was 

m odified  to  the "evacuation" method to  permit the d e-gassin g  o f



the sample* About 5 grams o f  coke ground to  -72  mesh in  a hammer 

m ill  were heated a t  500°C fo r  5 hours in  a g la s s  tube which 

was continuously  evacuated by a Ifyvac pump* This treatm ent 

was s u f f ic ie n t  fo r  the purpose, and w hile p o ss ib ly  more severe

than necessary  did not have any permanent e f f e c t  on the coke*

The liq u id  was admitted to  the de-gassed  coke a f te r  co o lin g  

and the whole tran sferred  to a d en sity  b o t t le  which was f i l l e d ,  

h eld  in  a therm ostat a t  25°C fo r  an hour, and weighed* Hygro

scop ic liq u id s  were protected  from the atmosphere, e s p e c ia lly  

in  the therm ostat, by rubber stop p ers, and the b o t t le s  were 

provided w ith  caps to  minimize evaporation during weighing*

The coke was f in a l ly  f i l t e r e d  o f f  on a hardened paper, dried  

and weighed*

The method i s  rather in e leg a n t e s p e c ia lly  w ith resp ect to  u; 

the f in a l  tra n sfer  o f  the coke but the lo s s  o f  material, a t  th is  

stage was checked and found to  be n e g lig ib le  i f  reasonable care  

was taken* A refinem ent which might be suggested i s  th a t the 

coke be washed in to  a weighed evaporating d ish  and the liq u id  

evaporated to  dryness.

Mott and VTheeler (7) have d iscu ssed  sources o f  error*

These have been reduced as fa r  as p o ss ib le  in  the presen t work 

the employment o f  a therm ostat being o f  primary importance. 

C ertain liq u id s  however showed poor rep ro d u c ib ility  e s p e c ia lly  

methanol and d i-e th y l e th er . The la t t e r  y ie ld ed  no r e l ia b le  

r e s u lts  a t  a l l*  In g en era l, t e s t s  were carried  out in  duplic

a te  but i f  immediate agreement was not a tta in ed  the reason was 
was sought, the remedy appliedand agreement among three or four
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more r e s u lts  demanded before a fig u re  was accepted# The 

accuracy o f  the data i s  probably about * As t h is  i s

o f  the same order as the d iffer en ce s  b ein g  examined the  

r e s u lt s  must be considered as a whole and too  much importance 

must n ot be attached to  any p a r ticu la r  items#

In  c e r ta in  cases i t  was noted th a t the p en etration  o f  

l iq u id s  occurred over a prolonged period o f  up to  1 2  days#

This "drift"  has been reported elsewhere (3 2 , 3 6 ) . Here i t  

was observed in  some cokes w ith w ater, ethanol and xylene#

I t  was n ot d etected  w ith  other liq u id s  and d id  n o t occur w ith  

th ese  a f te r  the coke had been reheated above 1000°C# I t  could  

be a cce lera ted  and alm ost completed by b o il in g  the liq u id  over 

the coke fo r  about h a lf  an hour and t h is  procedure was fo llow ed  

when water and ethanol were b ein g  used# The magnitude o f  the 

"drift"  was n o t grea ter  than 1% o f  coke volume# I t  was thought 

p o ss ib ly  to  be due to  the r e la t iv e ly  h igh  v is c o s i t y  o f  th ese  

l iq u id s , but i t  was not observed w ith  carbon te tr a -c h lo r id e • 

Franklin has suggested another explanation in  her pore con str

ic t io n  theory which w i l l  be d iscu ssed  la ter#

Bnploying the two methods described  the fo llo w in g  s e r ie s  

o f  experiments were carried  o u t.

(1 ) The d ifferen ce  between the methods was in v estig a ted  u sin g  

Coke I  and a wide range o f  l iq u id s . The data obtained  

showed th a t the evacuation method gave a value o f  d en sity  

c o n s is te n t ly  one per cen t h igher than the b o il in g  method# 

This d ifferen ce  due to  degassing would have been expected  

g rea ter  fo r  liq u id s  which were stron g ly  adsorbed than
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fo r  those which were weakly adsorbed* I t s  constancy  

su ggests th a t sorp tion  i s  l e s s  important than had been  

b e lie v e d . The magnitude o f  the d iffer e n ce  between the 

methods i s  not considered o f  s u f f ic ie n t  importance to  

warrant changing the standard t e s t  but i t  might be worthy 

o f  fu rth er  in v e s t ig a t io n .

(2 ) The e f f e c t  o f  p a r t ic le  s iz e  on the d en sity  va lu es obtained  

by the b o il in g  method was in v estig a ted  u sin g  water and the  

r e s u lt s  are summarized in  Figure 14 in  which the d en sity  

has been p lo tted  a g a in st lo g .  p a r t ic le  s i z e .  The lo g a r

ithm ic sc a le  was chosen on ly  fo r  the convenience o f  having  

the p o in ts uniform ly spaced. No sp e c ia l s ig n if ic a n c e  i s  

attached a t  presen t to  the fa c t  th a t the p o in ts  l i e  c lo se  

to  a s tr a ig h t  l i n e .

I t  has been shown (31) th a t  there i s  no d ifferen ce  be

tween the d e n s it ie s  measured on -6 0  mesh and on - 2 0 0  mesh

coke, and i t  was im plied th a t grind ing f in e r  than -6 0  m.
a p p e a r

was p u rp o se less. I t  would^from Figure 14 however th a t th is  

can be true on ly  i f  grinding has provided a d is tr ib u tio n  

in  which the m ajority o f  the coke i s  so much sm aller than 

2 0 0  mesh th a t removal or f in e r  grind ing o f  la rg er  s iz e s  

would have a n e g lig ib le  e f f e c t  on the d en sity  obtained .

The nature o f  the curve obtained and a comparison o f  the  

valu es o f  the d en sity  o f  -72  mesh and 240/300 mesh coke 

suggested th a t very f in e  dust would g iv e  a very high den

s i t y  value indeed. This was v e r if ie d  w ith  the f i r s t  run

n ings from the: -7 2  mesh m ateria l through a 300 mesh



«300 W.-Q, H6) l-RZ

Y

t'*r
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Determ inations•

s ie v e  ( designated  « 3 0 0  mesh) • The d en sity  obtained by 

b o il in g  t h is  fr a c t io n  in  water was 1*96 • The determin

a tio n  was repeated u sin g  benzene and the value obtained was 

1*92* These f ig u r es  were h igher than those from -7 2  mesh 

coke by 0*08 and 0 .06  fo r  water and benzene resp ectiv e ly *

In  e ith e r  case the in crease could be due to g rea ter  a ccess

i b i l i t y  o f  pores j or to  increased  sorption  on the more ex t

en sive  surface -  or to  both • I f  on ly  the former i s  true  

the in crease i s  equ ivalen t to  the d iscovery o f  about 2% 

p o ro sity  (per apparent volume o f  m assive coke) the water 

being ab le to  en ter rather more pores than the benzene. I f  

the h igher value o f  d en sity  i s  due to  sorption  o n ly , then  

benzene w ith  zero d ipo le moment i s  adsorbed n early  as
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stro n g ly  as water* As both fa c to r s  may w e ll operate  

sim ultaneously however, the sm all amount o f  data presented i s  

q u ite  inadequate to  so lv e  the problems posed*

I t  was decided not to  a l t e r  the p ra c tic e  adopted by o th ers  

and already in  u se when the above was completed, o f  grind ing  

to  -7 2  mesh. Grinding was carried  out in  a hammer m il l  

and the production o f  a su b s ta n tia lly  f in e r  powder w ithout 

contam ination would have been d i f f ic u lt *  To employ on ly  a 

r e la t iv e ly  coarse fr a c t io n  such as 240/300 mesh, would always 

introduce a sampling u n certa in ty  and the choice o f  such a 

fr a c t io n  could on ly  be arbitrary* The procedure i s  n ot sa t

is fa c to r y  as the s iz e  d is tr ib u tio n s  o f  d if fe r e n t  cokes broken 

down in  the same way are c e r ta in ly  d iffer en t*  I t  was noted  

th a t a harder coke (V) gave a much sm aller in crease in  d en sity  

as measured on « 3 © 0  mesh over th a t from -7 2  mesh* This 

could be due to  d iffe r en c e s  in  p o ro s ity , surface con d ition  

or s iz e  d istr ib u tio n *  The example i s  mentioned on ly  to  

s t r e s s  the com plexity o f  the problem*

One consequence o f  th is  v a r ia tio n  in  measured d en sity  

w ith  p a r t ic le  s iz e  must be th a t s iz e  segregation  becomes an 

important fa c to r  a f fe c t in g  re p r o d u c ib ility  o f  determined dens

i t i e s  o f  any g iven  sample • Samples should always be w e ll  

mixed before a p ortion  i s  taken fo r  d en sity  determination* 

Fortunately  i t  was found th a t the va lu es o f  Dp were n ot 

required fo r  the determ ination o f  bubble p o ro s ity  fo r  the  

main in v e s t ig a t io n  and t h is  problem was n ot stud ied  further*
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(3 ) The e f f e c t  o f  re -cok in g  in  vacuo a t  d if fe r e n t  temperatures 

on the d e n s it ie s  obtained by the evacuation method and 

u sin g  various l iq u id s , was examined* Coke I  was employed as 

rece ived  and a f te r  granular coke had been re-h eated  in  vacuo 

a t  1 0 0 0 ° C, 1100°C and 1200°C and a t  1450°C in  a sea led  tube 

i . e .  in  a CO -  atmosphere. The data obtained are summar

ized  in  Table XVI.

TABLE XVI. >  D e n s it ie s  o f  Coke I  a f te r  Be-heating*

Temperature o f  B e-heating.

Liquid
I

As r e c ’d
l a
1000°C

Xb
H00°C

oo8
0

0
3

H
H Id

14509C

Water 1 .9 0 1 .90 1 .91 1 .96

Ethanol 1.885 1 .9 1 1 .9 1 1.995 2 . 0 0

Methanol 1 .9 0 1 .90 1 .89 1.995 1 .97

Acetone 1 1 .89 1 .9 1 1 .9 0 1 .98 1 .95

Benzene j 1 .88 1 .9 1 1 .90 1 .98 1.975

Petroleum
Ether 1.88 1.895 1.98

i
1.96

Carbon Tetr 
Chloride

a■
| 1 .865 1.875 | 1 .93 1.945

U nfortunately no i n i t i a l  coking temperature was known fo r  

Coke I  but i t  must have been in  the range 900 -  H00°C so

th a t the e f f e c t  o f  re -h ea tin g  to  the la t t e r  temperature has 

been small* The coke as rece ived  had a d en sity  1 .9  by water 

and rather lower v a lu es were obtained by other liq u id s  except 

methanol* A fter  h ea tin g  a t  1000°C and 1100°C the d e n s it ie s  

appeared to  in crease s l ig h t ly  and a l l  l iq u id s  except carbon



te tr a -c h lo r id e  gave p r a c t ic a lly  the same v a lu e . Re-heating  

a t  1 2 0 0 ° however caused a b ig  in crease in  the d en sity  as 

measured by every liq u id  and a s ig n if ic a n t  change in  the  

order o f  the d e n s it ie s ,  th a t by water becoming low est  

(e x c e p t fo r  C CI4 ) those by the a lco h o ls  considerably h igher  

w hile the f ig u r e s  by benzene, p e tr o l and acetone la y  in  

t h e  middle o f  the range. The fu rth er h eating  to  1450° was 

unfortunately not in  vacuo. While the same high d e n s it ie s  

were obtained th e  order was s l ig h t ly  d if fe r e n t  again . I t  

i s  perhaps doubtful i f  th ese  d iffer en ce s  are r e a l ly  g rea ter  

than  experim ental error .

I t  i s  obvious th a t th ese  data are in s u f f ic ie n t  on which to  

b ase  any complete theory and indeed on ly  a few elementary 

deductions can be made.

That the measured d en sity  in creases abruptly somewhere 

between 1100° and 1200°C i s  r e a d ily  apparent but i t  i s  not 

✓clear what i s  the nature o f  the change or why i t  should be 

completed w ith in  such a short temperature range. I t  would 

b e expeeted th a t i f  the in crease was due to  a c lo se r  approach 

b e in g  made to  a g ra p h itic  type o f  m olecular stru cture i t  

would have continued a t  h igher tem peratures. I t  cannot be due 

p rim arily  to  lo s s  o f  v o la t i le s  under vacuum con d ition s s in ce  

th e  h ea tin g  a t  1450° was not In vacuo, and Franklin (36) 

coking in  n itrogen  did fin d  a continuous in crease in  d en sity  

w ith  temperature o f  carb on isa tion .

I t  can a lso  be sa id  th a t the heat treatm ent m odified the 

fa c to r s  a f fe c t in g  e ith e r  the p en etration  or the sorption
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o f  the l iq u id s , fo r  th e ir  order w ith resp ect to the d e n s it ie s  

they  gave was changed. The most n otab le fea tu re  was th a t the 

value g iven  by water a f te r  h ea tin g  a t  1 2 0 0 ° was one o f  the  

low est in  s p ite  o f  i t s  having a sm all m olecu le, a h igh  

surface ten sio n  and a high d ip o le  moment* The on ly  other  

fa c to r  Which might have an e f f e c t  i s  the con tact angle cok e/ 

w ater, and a short study was made o f  t h is  property.

Smooth su rfaces o f  coke were prepared by a llow ing s lu r r ie s  

o f  the d if fe r e n t  cokes in  water to  dry out in  the depressions  

o f  a sp o ttin g  p la te .  Drops o f  water were la id  on these  

su rfaces and observed. In most cases they sank in to  the coke 

as in to  b lo t t in g  paper. With Coke Id however and w ith s o lid  

e lec tro d e  grap h ite , they behaved d if f e r e n t ly ,  s i t t in g  up on 

the surface ahd showing very high con tact an gles o f  up to  

135°. On other cokes, p a r t ic u la r ly  la  the drop h e s ita te d  

fo r  a second and then sank slow ly  in to  the powder. M ineral 

graphite was observed to  have a con tact angle a g a in st water 

o f  about 4 0 ° .

I t  w i l l  be noted th a t the measure o f  con tact angle i s  

on ly  as between those above and below 90° w ith cases l ik e  

la  probably c lo se  to  90° • Exact va lu es above 90<> are not 

very r e l ia b le  because o f  the kind o f  su rface . The e f f e c t  

o f  p a r t ic le  s iz e  was examined and ascerta in ed  to  have no 

in flu en ce  on the phenomenon in  the range o f  s iz e s  a ffe c te d .  

The e f f e c t  o f  m ixing the s lu rry  w ith  say benzene in stead  o f  

w ater was to  b rin g  other cokes in to  the same c la s s  as l a .

While th ese  observations f a i l  to  exp la in  the d e n s it ie s
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obtained fo r  Coke Id and g iv e  no in d ica tio n  why la  should 

d if f e r  from lb  in  con tact angle but not in  d en sity , they do 

p o in t to  con tact angle as b ein g  one o f  the most important 

fa c to r s  a f fe c t in g  th ese  d en sity  determ inations. I t s  accurate  

determ ination would be very d iff ic u lth n d  the fa c to r s  con tro l

l in g  i t s  value are not known*

Apart from th is  phenomenon which a f fe c t s  on ly  the d e n s it ie s  

by water the other fa c to r s  mentioned e a r lie r  must combine to  

bring  about the ordering o f  the d e n s it ie s  obtained . There i s  a 

tendency fo r  the polar liq u id s  to  g iv e  the h ig h e st d e n s it ie s  

and those w ith  the la r g e s t  m olecules to  g iv e  the lo w est. Caxv 

bon te tr a -c h lo r id e  i s  an exception  and i t  can only be suggested

th a t the presence o f  four ch lor in e  atoms in  i t s  m olecule
l a r g e r

renders i t  e ffe c t iv e ly ^  than i s  in d ica ted  by the value o f  i t s  

m olecular volume*

(4) The d e n s it ie s  o f  the cokes used in  the main research  were 

determined by the evacuation method w ith  water and benzene 

in  a l l  cases and w ith  a number o f  other liq u id s  a lso  on 

Cokes I ,  I I ,  and VXI* Some data were a lso  a v a ila b le  from a 

sample o f  a Coke I I I  obtained from the same source as I I  a t  

an e a r lie r  d a te . The r e s u lts  o f  th ese  t e s t e  a*e summarized 

in  Table XVII.

The d e n s it ie s  obtained were in  n early  the same order in  

Cokes I ,  I I ,  and VTI w ith resp ect to  the seven liq u id s  usedf 

but V and VI gave the water and benzene f ig u r es  the same, 

and the d e n s it ie s  o f  Coke I I I  were ordered rather l ik e  those • 

o f  I c .  This su ggests a h igher e f f e c t iv e  coking temperature



TABLE XVTI*-  Real D e n s it ie s  o f  Cokes I  -  VII u sin g  Various

Liquids*

Liqpid

_ T

K<r | I I | i n IV v j v i s VII

Water 1*90 | 1.95 ; 1.93 | 1.90 Ie96 | 2#0Xf ■-

1.92

Ethanol | 1*885 ; 1.95 i 1.95 § i
i \ 1.90

Methanol I
• - k 1.90 j 1.97 ! i 1.91

\
Acetone j 1.89 j 1.97 \ 1.96 i j

i i 1.90

Benzene [ 1.88 1.94 j 1.95 1.885 \ 1.965 2.01 1 1.88

Pet* Ether j 1.88 1.94 i ’ i•: ■ f 1.861

c C14 j 1*865 ; 1.92 1.935
' '; ; \ I \ 1.86'

fo r  th ese cokes though n o t n e c e ssa r ily  a h igher absolu te  

temperature * The ordering o f  d e n s it ie s  in  IIX i s  most 

in te r e s t in g  as i t  has c e r ta in ly  not been a ffe c te d  by the  

con d ition s o f  a laboratory treatment* I t  i s  reg re tted  th a t  

none o f  th a t  coke was a v a ila b le  fo r  con tact angle determ inat

ion* The p o s it io n  o f  carbon te tra ch lo r id e  as g iv in g  ih e 

low est d e n s it ie s  i s  m aintained but s t i l l  cannot be explained*  

CONCLUSIONS*

Considering the r e s u lt s  o f  th ese  experiments as a whole 

i t  i s  su rp risin g  th a t the range o f  d en sity  va lu es obtained from 

any one coke has been so narrow, in  view  o f  the wide ranges obtain

ed by e a r lie r  workers* The reduction  o f  Ih is  v a r ia tio n  has 

rendered the improved methods by which i t  was obtained inadequate 

t© exp la in  the sm all d iffer en ce s  Which remain -  i f  indeed even 

th ey  are rea l*
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In view  o f  t h is  i t  would seem to  be o f  l i t t l e  consequence 

which liq u id  i s  used fo r  the determ ination o f  r e a l d en sity  

fo r  c a lc u la tio n  o f  p o ro sity  -  e s p e c ia l ly  when the inaccuracy  

o f  the measurement o f  apparent d en sity  i s  considered . U n til  

more inform ation on the con tact angle v a r ia tio n s  i s  a v a ila b le  

however? the d e n s it ie s  by water may be su sp ect. I t  i s  not 

suggested th a t a change in  the standard method i s  d esira b le  

but on ly  th a t fu rth er  in v e s t ig a t io n  i s  n ecessary , and th a t  

d e n s it ie s  by non-polar substances o f  la rg e  m olecular volume 

such as benzene may be more comparable fo r  research  purposes 

as they are l e s s  l ik e ly  to  be a ffe c te d  by the surface con d ition  

o f  the coke. The a lco h o ls  might do equally  w e ll but d e n s it ie s  ' 

higher than th a t by helium have been reported obtained by 

methanol# The benzene f ig u r e s  have been accepted (w ith  re ser 

v a tio n s) as the va lu es o f  Dj» o f  tiie cokes employed in  the main 

research .

The 11 d r ift"  phenomenon, the dependency o f  the d en sity  

value obtained upon p a r t ic le  s i z e ,  and the d ifferen ce  between 

the r e s u lt s  by the b o il in g  and evacuation methods support 

the conten tion  th a t a very f in e  pore stru cture e x is t s  in  coke. 

That i t s  dimensions may approach those o f  m olecules has already  

been shown by Franklin (3 6 ) .  I t  was the p o ss ib le  ex isten ce  

o f  a su b sta n tia l volume o f  such f in e  p orosity  th a t  pointed  

to  the n e c e s s ity  o f  developing a method fo r  measuring the  

apparent d en sity  o f  sm all p a r t ic le s .  ( S ection  6  )

Further discussion of the differences between liquids and
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and between cokes can on ly  be h ig h ly  sp ecu lative*  I t  might 

be suggested th a t  there was a h igh  and a low temperature form 

o f  coke, but the sample re-h eated  a t  1450° does n ot f i t  such 

a c la s s i f ic a t io n  very neatly#

The most thorough work on the problem to date has 

undoubtedly been the recen t con trib u tion  o f  Franklin (3 5 , 36) 

f i r s t l y  o^ co a ls  and la t e r  on cok es. She has developed a very  

n eat theory c o n s is te n t  w ith her own data and which may be 

summarized as fo llo w s .

Increased coking temperature in creases r e a l d en sity  but 

causes p ro g ress iv e ly  narrowing c o n s tr ic t io n s  to form in  the  

f in e s t  pores# These deny a ccess to  the inner pore space to  a l l  

l iq u id s  w ith  a g rea ter  than c r i t i c a l  m olecular diam eter. As 

th e  coking temperature i s  ra ised  and the co n str ic t io n s  become 

narrower liq u id s  are excluded one a f te r  another in  order o f  

th e ir  in creasin g  m olecular volumes and so g iv e  low d en sity  

va lu es compared w ith  those o f  m olecular volume lower than 

c r i t i c a l .  Under con d ition s where m olecular diameter was c r i t 

ic a l  prolonged "drift"  was explained as b ein g  due to  seepage 

o f  the liq u id  through the w id est o f  the co n str ic tio n s#  At 

the h ig h est coking temperatures the d en sity  measured was found 

to  be independent o f  the f lu id  used except th a t helium a f te r  

prolonged " d r ift” u su a lly  gave a h igher value# Cokes prepared 

a t  low temperatures sometimes gave h igher d e n s it ie s  by methanol 

than by helium and i t  i s  p o ss ib le  th a t other liq u id s  too were 

adsorbed though n ot w ith  such marked e ffec t#

In a few d e t a i ls  the p resen t data do not conform w ith  th a t
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theory# The low d e n s it ie s  obtained u s in g  w ater, the d e n s it ie s  

by carbon te tr a -c h lo r id e , and the fa c t  th a t a l l  l iq u id s  do 

not g iv e  id e n t ic a l  va lu es o f  d en sity  fo r  cokes re-heated  to  

high  tem peratures, f a i l  to  support i t#  I t  i s  b e liev ed  th a t  

her theory i s  g en era lly  correct however but th a t more ex ten siv e  

work would probably show th a t the other fa c to r s  l ik e  d ip o le  

moment and surface ten sio n  were combining to  modify it#  

F ranklin’s work was carried  out on only three cokes a l l  pre

pared under laboratory c o n d itio n s . A c r it ic is m  i s  th a t they  

were prepared in  n itrogen  from co a l a lready ground to  -72  mesh. 

The’C o n str ic tio n s11 may be a surface phenomenon o n ly , and n ot 

permeate the en tire  pore system# Then in  the presen t work 

in  which the coke was ground a f te r  h ea tin g  to  i t s  maximum 

tem perature, the "constr iction s"  would be destroyed# This 

would exp la in  why the d e n s it ie s  o f  the h igher temperature 

cokes were a t  variance w ith  Franklin* s theory in  not being  

independent o f  the displacem ent liq u id #

A much more comprehensive study than has y e t  been made 

i s  n ecessary to  so lv e  th ese  problems concerning the measure

ment o f  the r e a l d en sity  o f  chare and cokes and to  demonstrate 

th e  nature o f  the f in e  stru ctu res o f  th ese  materials©



APPENDIX B*

THE MECHANICS OF SIEVING.

“When the counting method was f i r s t  examined i t  was soon 

apparent th a t the va lue obtained fo r  the average w eight Wg 

per p a r t ic le  in  a g iven  s ix e  fr a c t io n  was very much dependent 

upon how the s ie v in g  had been carried  out* Hand s ie v in g  gave 

very e r r a t ic  dat^&nd never came to f in a l i t y  fo r  Ws increased  

co n tin u a lly  w ith  s ie v in g  time* I t  was decided to in v e s t ig a te  

the mechanism o f  s ie v in g  p a r tic u la r ly  to f in d  out the b e s t  

technique fo r  use in  the main research*

The l it e r a tu r e  recogn izes the problem but provides no 

very sa t is fa c to r y  so lu tion*  S iev in g  i s  w ritten  o f f  as a 

" s t a t i s t i c a l *1 process whose lim ita t io n s  must be accepted  

p h ilo so p h ic a lly . Perhaps the b e s t  treatm ent i s  by D a lla v a lle  

(27) bu t even he does not suggest th a t s ie v in g  tim es g en era lly  

employed are rather sh o rt.

Examination o f  the B.S*S. 410/1943 on Fine Mesh Test 

S ieves shows th a t owing to  manufacturing d i f f i c u l t i e s  the  

c lo th s  and e s p e c ia lly  the f in e s t  o f  them are made to  rather  

generous sp e c if ic a t io n s .

Even i f  screen  apertures were ex a c tly  uniform s ie v in g  

would s t i l l  be a " s t a t i s t i c a l” process and the time taken fo r  

a p a rticu la r  p a r t ic le  to  pass a g iven  screen would be a m atter 

o f  chance* I f  i t s  dimensions were such th a t i t  could f a l l  

S tra igh t through no m atter what i t s  o r ie n ta t io n , i t s  time o f  

passage would probably be sh o r t. I f  i t s  len gth  (on ly) was 

greatei)fthan the aperture so th a t I t  could "bridge” the spaces
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then i t s  probable tim e o f  passage would be rath er longer*

I t  might be needle-shaped or tabu lar and o f  such dimensions 

th a t  i t  could pass on ly  i f  i t  f e l l  in  a p a r ticu la r  manner, 

and in  th a t case the probable time o f  passage would be very  

long.^ The a ctu a l time taken by any in d iv id u a l p a r t ic le  

cannot be p red icted , nor would i t  be o f  any in te re st*

In the case o f  im perfect screens the process i s  com plicated  

bythe fa c t  th a t "near s iz e ” p a r t ic le s  include those which can 

pass on ly  the o v ersize  apertures and th ese  have a probable time 

o f  passage th a t Is  very long indeed*

Apart from s iz e  and shape, fa c to r s  a f fe c t in g  the passage  

o f  a p a r t ic le  through a s ie v e  aperture include -

(1 ) The nature o f  the surface -  i*e* rough or smooth, wet 

or dry, e t c .

(2 ) The p o s s ib i l i t y  o f  agglom eration depending on e le c tr o 

s t a t ic  or magnetic con d ition  o f  the su rface , or on 

adsorbed layers*  This has n ot a ffe c te d  the present work*

(3) The nature o f  the motion or v ib ra tio n  o f  the screens; 

both frequency and amplitude o f  v ib ra tio n  have been shown 

to  be important and th e ir  e f f e c t s  vary w ith p a r t ic le  s ize*  

( se e  reference 27)

(4) The p a r t ic le  w eight as i t  a f fe c t s  (3)

(5) The number o f  other p a r t ic le s  in  com petition ( i . e .  the  

load on the screen)*

S iz e , shape, d en s ity , and surface con d ition  have been trea ted  

as in v a ria b les except in so fa r  as they may d i f f e r  fo r tu ito u s ly  

among the m ateria ls  used* Nor could the v ib ra tio n  o f  the



132

o
OL.O
>«3o

.f t .
<4

*
vnr
j

S i e v i n g  T i m e  ( hours ) >

FIOTHB 15, -  V ariation  o f  W8  w ith  S iev in g  Time.

screens be varied  as the on ly  machine a v a ila b le  was a Bo-Tap.

The on ly fa c to r s  under co n tro l were the load on ih e screens  

and o f  course the time o f  s ie v in g . These have been in v e s t 

ig a ted  in  three s iz e  ranges, the c r ite r io n  o f  the degree o f  

com pletion o f  s ie v in g  b ein g  the ra te  o f  in crease  o f  Ws in  

a  p a r ticu la r  fr a c t io n  w ith s ie v in g  tim e. As s ie v in g  proceeds 

any s iz e  fr a c t io n  i s  ga in in g  large  p a r t ic le s  and lo s in g  sm all 

ones so th a t Ws in crea ses u n t i l  the passage o f  m ateria l i s  

n e g lig ib le  .

Coke X, Coke P (which i s  non-porous in  mediumand sm all 

s iz e s )  and non-porous Quartz have been used in  th ese  t e s t s .

The three s iz e  ranges employed were -•
(1) Large sizes-5/12 m #f being determined on the 7/Sto. fraction
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(2 ) Medium s iz e  -30/52ra.,We determined on 36/44m. fr a c t io n

(3 ) Small s iz e  ~XOO/20€ia.¥e determined on 150/170m. fr a c t io n .  

The data obtained are summarized in  Figure 15$ ¥ being  

p lo tte d  a g a in st s ie v in g  tim e. A s e le c t io n  o f the data is  
also tabu lated  in  Table XVIII to  show how the screen ing  

analysis varies w ith time* On Table XIX th ere are presented  

th e  r e s u lt s  o f  a separate in v e s t ig a t io n  in to  the e f f e c t  o f 
screen load  upon s ie v in g  e f f ic ie n c y .

That l a t t e r  in v e s t ig a t io n  led  to  th e ra th er unexpected  

con clu sion  th a t load; w ith in  the l im it s  stud ied , d id  n ot a f f e c t  

th e  ^rate** o f  s ie v in g . In  p ra ctice  lo a d s employed were kept 

w e ll  w ith in  the l im it s  in v e s t ig a te d . I t  may be pointed  out 

th a t bulk volume or number o f  p a r t ic le s  would require to  be 

used as a measure o f  load i f  m ateria ls  o f  d if fe r e n t  d e n s it ie s  

were b ein g  compered.

Figure 15 in d ica ted  th a t w ith  la rg e  s iz e s  the in crease  in  

\  after 2 houre s ie v in g  ie  sm all but stea d y . In the case o f 
Coke P abrasion was n o ticed , the p a r t ic le s  becoming rounded. 

Whom a f te r  8 hours s ie v in g  i t  was mixed and re*sieved  the 
process was apparently much more rapid than on the f i r s t  

occasion  (curve A ). Another sample was taken, s iev ed  for one 

hour and W6 determ ined. The sample was then mixed $ re -s ieved  

and W0 again  determ ined. This was repeated in  a l l  e ig h t  times. 
The value o f  ¥e obtained was the same each tim e. This 

su ggests th a t  f r ia b le  m ateria l may be damaged when actually 
passing through the screens rather than by s e lf  abrasion 
between them.
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S iev in g  Time o f  60 grams o f  Coke I ,  5 /12  mesh fr a c t io n

(hours)
 ̂5m*

“■
5/6m. 6/7m. 7/8m.

1
8/10m.j -10m

0*5 13*4 19 .7 22 .4 20 .6 23 .9  j 1 .3

1 1 0 . 2 1 9 .7 21.7
■

21 .5 24.8  j 1 .8

2*5 9 . 4 19 .5 20.6 22 .7 25 .2  | 2 .5

4 8 . 9 19 .0 19.6 23.7 25.6  \ 3 .0

7 8 . 4 1 9 .1 18.8 24 .1 25.9  | 3 .6

% o f  27 grams o f  Coke I ,  30/52  mesh fr a c t io n

+ 36m. j 36/44m. 44/52m. 52m*
i

0*5 3 7 .8 33.6 j 2 6 .1(
i
I 2 .1

1 3 0 .7 37 .3 j 27 .4 | 4 .6

2 .5 28.6 3 8 .1 2 8 .11 5 .8

4 22 .8 38 .5 | 28 .4 10 .3

7 19.6
L  _ _ _ _ _ _ _ _ _ _ _ _ _ J

39 .8
____  ________

| 28.6 13 .0

% o f  10 grams o f  Coke P , 100/200m. fr a c t io n

t  150m. 150/17Cm. 170/20QH.
f
I

200m.

0 .5 4 2 .2 n .d . n .d . 3 .4

1 .5 35 .2 n .d . n.d* 6 .7

3 29.9 39 .8 20 .2 10 .1

5 25.9 4 0 .4 2 0 .0 13.7

8 22 .9 4 1 .0 20 .0 16.0



TABLE XIX, -  E ffe c t  o f  Load on th e  Screens•

S iz e .
!

T otal Load ! Load per Screen Wg a f te r  1 hou

(mesh) (gms.)
i

(a v g .)  (gm s.) s ie v in g  (gms)

Large. 25 5 1 0.00750

50 1 io  i 0.00752
5/12m. !

100 20 1
5

O.OCftSl

6 .5 2 .2  i
!

0.0000535

Medium 1 0 3 .3  | 0.0000525

22 .5 7 .5  1 0.0000527
30/52m. S " ' ! |

26 .5 8 .8  | 0.0000515

50 |:s IB .6  |! 0.0000520
i

10° 33 .3  j 0.0000527

Medium s iz e s  show le s s  change in  Wg a f te r  2 hours hut there  

i s  s t i l l  a s l ig h t  in crea se .

Small s iz e s  were d i f f i c u l t  to  t e s t  because the expected  

d iffer en ce s  in  Wg were o f  the order o f  the experim ental error  

in  the counting. Only Coke P was examined and i t  would seem 

th a t although 3 hours s ie v in g  gave a value o f  Ws s ig n if ic a n t ly  

sm aller than th a t a f te r  5 hours the in crease between 5 and 8 

hours can probably be ignored.

The s iz e  an alyses show th a t  the passage o f  m ateria l even 

a f te r  7 or 8 hours i s  ap p reciab le . I t  has not been p o ss ib le  

to  determine to  what ex ten t t h is  has been due to  M s t a t i s t i c a l ” 

s ie v in g  and to  what ex ten t to  degradation. The t o t a l  rtdustrt
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fo m ed  always appeared n e g l ig ib le ,  but the removal o f  a 
very  sm all chip may very o fte n  be s u f f ic ie n t  to  perm it the

passage o f  a n ea r -s iz e  p a r t ic le  and the accumulation o f

many such ch ips might s t i l l  appear n e g lig ib le  though the

e f f e c t  o f  th e ir  removal had been con sid erab le .

I t  i s  su rp risin g  th a t the in crease in  Ws becomes neglig^- 

ib le  w hile the passage o f  the m ateria l through the screens  

i s  s t i l l  appreciably h ig h . This su ggests continuous uniform  

abrasion o f  a l l  m ateria l and consequent s iz e  degradation.

This i s  probably the main fa c to r  operating a f te r  2 or 3 hours 

although the amount o f  dust d id  appear sm all. This asp ect  

o f  the problem must remain unsolved, fo r  w ith  the main purpose 

o f  the experiments f u l f i l l e d  th ese  in v e s t ig a t io n s  were brought 

to  a c lo se  b efore the in te r e s t in g  s id e  is s u e s  were worked o u t.

The purpose o f  the experiments was the determ ination o f  

the b e s t  s ie v in g  con d ition s fo r  u se in  the main research . 

Obviously the con d ition s chosen must be a compromise between 

the d esira b le  and the p ra c tic a b le , and p o ss ib ly  between under- 

s ie v in g  and over-abrasion . The tim es chosen have been 3 hours

down to  85 mesh and 5  hours between 100 and 200 mesh. The

data obtained on Quartz show th a t i t  p asses the screens rather  

more slow ly  than does coke and t h is  may be due to shape or to  

d e n s ity . The d ifferen ce  was thought to  be o f  l i t t l e  p r a c t ic a l  

s ig n if ic a n c e  a f te r  3 hours s ie v in g  however, and the sane tim es 

were employed fo r  quartz as fo r  coke.

I t  i s  o f  in te r e s t  th a t the abrasion o f  quartz i s  very

u n lik e ly  so th a t prolonged passage o f  m ateria l i s  n ot due
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e n t ir e ly  to  th a t cause# The d iffe r e n c e s  in  s ie v in g  ra te s  

o f  porous and non-porous m a ter ia ls  <£ the same s i z e ,  i s  

n e g lig ib le  and g iv e s  no inform ation o f  the p o ss ib le  e f f e c t s  

o f  surface roughness on *81 e s iz e  (S) o f  the average p a r t ic le  

produced in  any fraction #

These fin d in g s need n ot apply to other m a ter ia ls  except 

in  a gen eral way, or to  other shaking machines many o f  which 

are b e liev ed  to  be much fa s te r  in  operation  than the Ho-Tap.

I t  i s  recognized th a t t h is  in v e s t ig a t io n  o f  s ie v in g  i s  fa r  

from com plete. I t s  purpose was to  g iv e  guidance in  the main 

research  and i t  has thus fa r  been su c c e ss fu l. I t  does in d ic a te  

however th a t  s ie v in g  tim es normally employed even on research  

work are q u ite  inadequate fo r  many purposes and demonstrates 

th a t a f a ir  approach to  com pletion i s  a tta in a b le  in  tim es 

Which are fo r  research  a t  any r a te ,  reasonable#
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FIGURE 4# D ata obtained by tko Counting Method. 

Correa of Quarts and pohe W were used 

to  c a l ib ra te  f in e  ee ik  s ie re s  and method 

of c o rrec tin g  e r re ra  found la  in d ica ted . 

Curvoa of a l l  eokee were used in  the
4

ca lcu la tio n *  of pare a lso  d is tr ib u tio n s#

Mesh Siaea (C alib ra ted) luohes (C alibrated);
f  ̂ ' 1,1

i*  C h a r a c t e r i s t i c


