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ABSTRACT

P ap er  c o n ta in s  an uneven d i s t r i b u t i o n  o f  f i b e r  f r a c t i o n s  through 

i t s  c ro s s  s e c t i o n .  The o b j e c t i v e  of t h i s  s tudy  was to  d e te rm in e  how 

th e  r a t e  o f  fo rm a tio n  a f f e c t e d  th e  s t r u c t u r e  and p r o p e r t i e s  o f  p ap e r .  

The s t r u c t u r e  o f  paper  was a n a ly z e d  w ith  r e f e r e n c e  to  the  c r o s s -  

s e c t i o n a l  d i s t r i b u t i o n  o f  f i n e s  and th e  f i n e s  to  long  f i b e r s  r a t i o  

i n  th e  p a p e r .

The fo rm a t io n  r a t e  and d i s t r i b u t i o n  o f  f i n e s  w ere v a r i e d  by 

a p p ly in g  a vacuum to  th e  B r i t i s h  shee tm old  sys tem . As th e  f i n e s  

w ere  a d i f f e r e n t  c o lo r  th a n  th e  lo n g  f i b e r s ,  t h e i r  d i s t r i b u t i o n  was 

d e te rm in e d  by a n a ly z in g  th e  b r i g h t n e s s  v a lu e s  o f  l a y e r s  s p l i t  from 

th e  p a p e r .

The f i n e s  used i n  t h i s  s tu d y  had a s u b s t a n t i a l  e f f e c t  on 

p a p e r  p r o p e r t i e s  when added to  a r e l a t i v e l y  u n b ea ten  ch em ica l  p u lp .

I n  g e n e r a l ,  t h e s e  a d d i t i o n s  i n c r e a s e d  th e  b re a k in g  l e n g t h ,  b u r s t ,  

d e n s i t y ,  and fo ld  and d e c re a se d  th e  t e a r  and a i r  p e r m e a b i l i t y  of 

p a p e r .  An in c r e a s e  i n  th e  r a t e  of fo rm a tio n  was found to  d e c re a s e  

th e  r a t i o  o f  f i n e s  to  long  f i b e r s ,  a l th o u g h  th e  o v e r - a l l  r e t e n t i o n  

o f  f i b e r s  was i n c r e a s e d .  A ls o ,  th e  d i s t r i b u t i o n  of f i n e s  th rough  

th e  th ic k n e s s  o f  th e  p ap er  became more d i s p r o p o r t i o n a t e  as th e  f o r ­

m a tio n  r a t e  was i n c r e a s e d .  Through th e s e  two e f f e c t s ,  an i n c r e a s e  

i n  th e  r a t e  o f  fo rm a t io n  was found to  d e c re a se  many s t r e n g t h  p ro ­

p e r t i e s  o f  p a p e r .

i i i
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HISTORICAL BACKGROUND

THE FORMATION PROCESS AND THE STRUCTURE OF PAPER

The s t r u c t u r e  of a s h e e t  o f  p aper  can be d e f in e d  by th e  s p a t i a l  

d i s t r i b u t i o n  and o r i e n t a t i o n  of th e  v a r io u s  f i b e r  f r a c t i o n s , b o th  

a c r o s s  th e  s h e e t  and th ro u g h  i t s  t h i c k n e s s .  P rev io u s  i n v e s t i g a t i o n s  

h ave  e s t a b l i s h e d  t h a t  th e  d i s t r i b u t i o n  of the  v a r io u s  s h e e t  compon­

e n t s  th ro u g h  th e  th ic k n e s s  o f  p ap e r  i s  non-un ifo rm . The f i r s t  

s t u d i e s  w ere p r im a r i ly  concerned  w i th  the  d i s t r i b u t i o n  o f  lo a d in g  

m a t e r i a l  and groundwood w ith  r e s p e c t  to  t h e i r  e f f e c t  on th e  tw o- 

s id e d n e s s  o f  p a p e r .  Groen (1) , and Underhay (2.) , u s in g  a  te c h n iq u e  

o f  s t r i p p i n g  th e  paper i n t o  l a y e r s  w i th  adhes ive  t a p e ,  and L e h t in e n  

( 3 ) ,  u s in g  a m ic ro to m e -s e c t io n in g  te c h n iq u e ,  found more f i l l e r  on 

t h e  f e l t  s i d e  than  on th e  w i r e  s i d e  o f  p u b l i c a t i o n  g ra d e  p a p e r s .

J u d t  ( 4 ) ,  and Wood ( 5 ) ,  and F o rgacs  and Atack (6) a l s o  found a h ig h  

c o n c e n t r a t i o n  o f  groundwood on th e  f e l t  s id e  o f  n e w s p r in t .

More r e c e n t l y ,  T r e i b e r ,  S te n iu s  and Rehnstrom ( 7 ) ,  a f t e r  add ing  

dyed f i n e s  to  a chem ical p u lp  f u r n i s h ,  found a h igh  p r o p o r t i o n  o f  

f i n e s  on th e  f e l t  s id e  of th e  s h e e t .  B rech t  and Hoberg ( 8 ) ,  su b ­

s t a n t i a t e d  t h i s  f in d in g  u s in g  a s i m i l a r  te c h n iq u e .

P a rk e r  and Mih (9) used  a  B e l o i t  s h e e t - s p l i t t e r  t o  s p l i t  l a r g e r  

s e c t i o n s  o f  paper f o r  c r o s s - s e c t i o n a l  s tu d y .  They used the  s p e c i f i c  

f i l t r a t i o n  r e s i s t a n c e  te c h n iq u e  to  d e te rm in e  th e  c o n te n t  o f  f i n e s  in  

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

t a n c e  o f  any g iven  la y e r  was d e te rm in e d  by d i s p e r s in g  th e  l a y e r  i n  a

1
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2

known volume of w a te r  and p la c in g  th e  su sp e n s io n  in  a c a l i b r a t e d  c o l­

umn w i th  a f i n e  w ire  s c re e n  a t  th e  bo ttom . The tim e r e q u i r e d  f o r  the 

su sp e n s io n  to p ass  between two g iv e n  p o in t s  on th e  column was c a l l e d  

the  s p e c i f i c  f i l t e r i n g  r e s i s t a n c e  o f  the  l a y e r .  As may be seen  in  

F ig u re  1 ,  they found more f i n e s  on th e  f e l t  s id e  than  on th e  w ire  

s id e  i n  f o u r d r i n i e r  made p a p e r s .

There  has been  a g r e a t  d e a l  of l i t e r a t u r e  p u b l i sh e d  on th e  causes 

of th e  n on -un ifo rm  d i s t r i b u t i o n  o f  f i n e s  in  p a p e r .  I t  i s  g e n e r a l ly  

ag reed  t h a t  d u r in g  th e  forming p r o c e s s ,  the  a b i l i t y  o f  the  p a r t i c l e s  

to  be  e n t r a in e d  by th e  d r a in in g  w a te r  and to  move th rough  th e  mat i s  

governed  l a r g e l y  by th e  s i z e  of th e  p a r t i c l e s  r e l a t i v e  to  th e  a v a i l ­

a b le  sp a c e s  th ro u g h  which flow  can o c c u r .  (6) As w a te r  i s  p r o g r e s ­

s i v e l y  removed from th e  f u r n i s h , the  w ire  a c t s  as a s ie v e  and th e  

long  f i b e r s  a re  p r e f e r e n t i a l l y  r e t a i n e d .  The d e p o s i t e d  web then  

a c t s  as a s ie v e  o f  d e c re a s in g  mesh s i z e ,  a l lo w in g  p a r t i c l e s  o f  e v e r -  

d e c r e a s in g  s i z e  to  p ass  th ro u g h  i t .  E v e n tu a l ly ,  th e  whole mat be ­

comes so compacted t h a t  v e ry  l i t t l e  f u r t h e r  r e l a t i v e  movement i s  

p o s s i b l e .  C onsequen tly ,  th e  com position  of the  f ib r o u s  m a t e r i a l  

and f i l l e r  a t  any p la n e  th rough  th e  th ic k n e s s  o f  th e  s h e e t  may vary  

cons id  e r  ab l y . (6)

W ris t  ( 10) d e s c r ib e d  th e  fo rm a t io n  p ro c e s s  as a s e l f - f i l t e r i n g  

p ro c e s s  i n  which th e  t h r e e  p h ases  ( w a t e r / f i b e r / f i l l e r )  a r e  s e p a ra te d  

i n t o  two s o l i d  phases  and one l i q u i d  p h a se .  At any w a te r  rem oval 

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

In  th e  f i r s t  s t a g e  o f  d ra in a g e  th e  f i l t e r  mat i s  formed on ly  by th e  

w ire  which c o n ta in s  co a rse  open ings  compared to  th e  p a r t i c l e  s i z e  o f
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t h e  s o l i d  p h a s e s .  C o n seq u en tly ,  th e  f i r s t  h y p o t h e t i c a l  l a y e r  w i l l  be 

r e l a t i v e l y  d e f i c i e n t  i n  f i n e s . The n e x t  la y e r  c o n ta in s  more f i n e s  

b e c a u se  an open la y e r  o f  f i b e r s  now ta k e s  the  p l a c e  o f  th e  w ire  as 

th e  f i l t e r  medium. D uring c o n t in u e d  d ra in a g e ,  su b se q u en t l a y e r s  

w i l l  be  b u i l t  up , s t e a d i l y  i n c r e a s i n g  i n  the c o n te n t  o f  f i n e s .  The 

f i n e s  th em se lves  a c t  as a f i l t e r  a id  by p lugg ing  up th e  p o re s  i n  the  

s h e e t  m a t r ix .  The top l a y e r  w i l l  c o n ta in  fewer f i n e s ,  how ever, as 

th e  f i n e s  w i l l  f i l t e r  down to  the  n e x t  l a y e r .  ( 11)

Hansen (12) and Mack ( 13) have s u b s t a n t i a t e d  W r i s t ' s  th e o ry  by 

s tu d y in g  samples o f  p ap er  t a k e n  d i r e c t l y  a f t e r  th e  b r e a s t  r o l l  fo l lo w ­

in g  a sudden shutdown. They b o th  found an uneven d i s t r i b u t i o n  of 

f i l l e r  a l r e a d y  p r e s e n t  and conc luded  t h a t  t h i s  d i s t r i b u t i o n  was 

caused  by the  s e l f - f i l t e r i n g  o f  th e  f i l l e r  from th e  sy s tem  una ided  

by t a b l e  r o l l  o r  f o i l  a c t i o n .

A nother p o p u la r  e x p l a n a t i o n  o f  th e  phenomenon o f  th e  uneven 

d i s t r i b u t i o n  of f in e s  i s  th e  backwash a c t io n  o f  th e  t a b l e  r o l l s .  

Underhay (2) u s in g  s im u la te d  d r a in a g e  c o n d i t io n s  on a  B r i t i s h  

s h ee tm o ld  found t h a t  th e  w a te r  advanc ing  under th e  w ire  adhered  to  

t h e  t a b l e  r o l l s  and was wedged i n t o  th e  n ip  betw een th e  r o l l s  and 

th e  w i r e .  This  w a te r  was pushed th ro u g h  the u n d e r s id e  o f  th e  w i r e ,  

d i s t u r b i n g  th e  w ire  s id e  by lo o s e n in g  and re s u s p e n d in g  th e  f i n e s  

and p igm ents  p r e s e n t .  These w ere th e n  washed from th e  w i r e  l a y e r s  

d e c r e a s i n g  th e  c o n te n t  o f  f i n e s  and f i l l e r  on th e  w ire  s i d e .

A lthough  e x p la n a t io n s  f o r  th e  c au se  of th e  uneven d i s t r i b u t i o n  

o f  f i n e s  may v a ry ,  a l l  i n v e s t i g a t o r s  a g ree  t h a t  th e  c o n c e n t r a t i o n  

o f  th e  f i n e s  d e c re a s e s  tow ards th e  w i r e  s id e  o f  p a p e r .  Groen (1)
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s tu d ie d  th e  e f f e c t s  of f i l l e r  c o n t e n t ,  machine speed  and dandy r o l l  

on th e  d i s t r i b u t i o n  o f  f i l l e r  i n  p a p e r .  He found t h a t  th e  d i s t r i b u ­

t i o n  was in d e p en d en t o f  f i l l e r  c o n te n t  and machine speed w h i le  the  

dandy r o l l  produced a h ig h e r  c o n c e n t r a t i o n  o f  f i l l e r  on th e  f e l t  s i d e .  

Luhde ( 15) ,  i n  s tu d y in g  th e  e f f e c t  of w ire  speed and dandy r o l l

on s h e e t  fo rm a t io n  and w ire  m ark , found t h a t  in c re a s e d  m achine speeds 

e x t r a c t  more f i n e s  and f i l l e r  from th e  s h e e t ,  th e  w ire  s i d e  a g a in  

s u f f e r i n g  th e  m a jo r i ty  o f  th e  l o s s e s .

The work of Hansen ( 12) and Mack ( 13) i n d i c a t e d  t h a t  th e  t a b l e  

r o l l s  and s u c t i o n  boxes only  a f f e c t e d  th e  f i l l e r  i n  th e  im m ediate

w ire  s i d e  s u r f a c e  w h i le  th e  s e l e c t i v e  f i l t r a t i o n  p ro c e s s  accoun ted  

fo r  th e  uneven d i s t r i b u t i o n  of th e  f i l l e r  and f in e s  th ro u g h  th e  r e s t  

o f  th e  t h i c k n e s s  o f  th e  s h e e t .

THE RATE OF FORMATION AND THE DISTRIBUTION OF FINES

A lthough much work has  been  done w i th  system s s im u la t in g  c o n d i­

t i o n s  i n  th e  fo rm a t io n  p r o c e s s ,  ve ry  l i t t l e  has been done t o  e f f e c ­

t i v e l y  d e te rm in e  th e  i n f l u e n c e  o f  fo rm a t io n  r a t e  on th e  d i s t r i b u t i o n  

of f i n e s .

I n v e s t i g a t o r s  s tu d y in g  r e l a t e d  system s g e n e r a l ly  a g re e  t h a t  i n ­

c re a s e d  flow  r a t e s  o f  a i r  and w a te r  can d e ta c h  sm a l l  p a r t i c l e s  from 

l a r g e  s u r f a c e s .  This would happen when th e  f l u i d  d rag  f o r c e  exceeds  

t h a t  o f  th e  fo rc e s  a t t a c h i n g  th e  p a r t i c l e  to  th e  s u r f a c e .  However,

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

e n t ra p p e d  by th e  form ing web m a t r ix  d u r in g  th e  fo rm a t io n  p r o c e s s .

The d i s t a n c e  th e  f i n e s  t r a v e l  downward d u r in g  in c re a s e d  fo rm a t io n  

r a t e s  i s  a f u n c t io n  of t h e i r  s i z e  r e l a t i v e  to  th e  po re  s i z e s  i n  th e
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form ing web. T h is  movement i s  f u r t h e r  co m p lica ted  by h y d ra u l i c  f o r c e s ,  

c o l l o i d a l  f o r c e s ,  and system  geom etry .

Hansen (14) found t h a t  an i n c r e a s e  in  machine speed , which r e s u l t s  

i n  an in c r e a s e d  d ra in a g e  r a t e ,  d e c re a se d  th e  f i l l e r  co n te n t  o f  the  

p a p e r .  A lso ,  an in c r e a s e  i n  b a s i s  w e ig h t ,  a t  any machine sp eed ,  i n ­

c re a se d  th e  f i l l e r  c o n t e n t .

Luhde ( 15) i n v e s t i g a t e d  the  i n f l u e n c e  of machine speed and dandy 

r o l l  on th e  fo rm a t io n  and s t r u c t u r e  of p ap e r  u s in g  th e  fo l lo w in g  v a r i ­

a b le s  as h i s  e x p e r im e n ta l  p a ra m e te r s :  1) th e  combined vacuum t o t a l s  

o f  th e  d ry  f l a t  b o x e s ,  2) th e  s o l i d s  e x t r a c t i o n  r a t e  a t  the  d ry  f l a t  

b o x es ,  3) th e  fo rm a t io n  q u a l i t y  o f  th e  p a p e r ,  and 4) the  f r e e n e s s ,  

t h i c k n e s s ,  and ash  c o n te n t  of th e  f e l t ,  f e l t - m i d d l e ,  w ire -m id d le  and 

w ire  l a y e r s  of th e  p a p e r .

As shown in  F ig u re  2, i n c r e a s e s  i n  machine speed from 1200 to  

1800 f .p . m .  d e c re a se d  th e  th ic k n e s s  of th e  f e l t  and f e l t - m id d l e  l a y e r s  

and th e  t o t a l  f i . ._ e r  and f in e s  c o n te n t  of the  p a p e r .  However, th e  ash  

c o n te n t  and d ra in a g e  r e s i s t a n c e  o f  th e  d i f f e r e n t  l a y e r s  were found to  

depend on ly  on t h e i r  p o s i t i o n  w i th i n  th e  s h e e t ,  w i th  the  w ire  l a y e r s  

h a v in g  a h ig h e r  f r e e n e s s  than  th e  f e l t  l a y e r s .  Although th e  u se  o f  a 

dandy r o l l  seemed to  improve th e  fo rm a t io n  of p a p e r ,  e s p e c i a l l y  a t  

low er speeds  (See F ig u re  3 ) ,  i t  a l s o  r e s u l t e d  in  a h ig h e r  s o l i d s  ex­

t r a c t i o n  r a t e .  T h is  was a t t r i b u t e d  to  th e  d e n s i f y in g  a c t io n  o f  th e  

dandy r o l l  whereby th e  a i r  flow r a t e  th rough  th e  f i b e r  mat was r e ­

duced le a d in g  to  a h ig h e r  vacuum l e v e l  i n  th e  f l a t  boxes (See T ab le  I ) .  

With th e  h ig h e r  vacuum, th e  v e l o c i t y  o f  th e  a i r  and w a te r  th rough  th e  

re m a in in g  i n t e r s t i c e s  o f  th e  compacted web was in c re a s e d  and r e s u l t e d  

i n  g r e a t e r  f i n e s  and f i l l e r s  lo s s e s  a t  th e  vacuum b oxes .
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FIG. 2 THE EFFECT OF WIRE SPEED AND DANDY ACTION ON THE FILLER/FIBER 
EXTRACTION RATE (15)
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TABLE I  THE EFFECT OF DANDY POSITION AND WIRE SPEED ON THE 
EXTRACTION CAPACITY OF THE FLAT DRY BOXES ( 15)

Dandy
P o s i t i o n

Wire
1200

Speed
1400

in  f .p .m .  
1600 1800

T o ta l  vacuum*, i n .  w a te r  Down 31.6 32.3 30 .3 28 .8
Up 2 8 .1 28.1 25.2 26 .4

2
E x t r a c t i o n  R a t e s , grams per  1000 f t  
ream

of formed paper of 28 l b . p e r

F i l l e r s  Down 2.06 2.94 2.89 3 .24
Up 1.31 2.03 2.05 2 .52

F ib e r s  Down 0.86 1.29 1.78 2.55
Up 0 .71 1.07 1 .36 1 .98

*Sum of th e  vacuum l e v e l s  o f  a l l  5 boxes

Beer ( 1 6 ) ,  i n v e s t i g a t i n g  th e  e f f e c t s  of d ra in a g e  r a t e  on th e  

r e t e n t i o n  o f  t i t a n iu m  d io x id e  u s in g  th e  B r i t i s h  shee tm o ld ,  found 

h ig h e r  flow r a t e s  reduced  the  o v e r - a l l  r e t e n t i o n  o f  t i t a n iu m  d io x id e .  

T h is  was ex p la in e d  i n  terms o f  th e  d rag  e x e r t e d  on th e  t i t a n i u m  d io x ­

i d e ,  b o th  from an e l e c t r o s t a t i c  and f r i c t i o n a l  v ie w p o in t .  Beer f e l t  

t h a t  i f  the  energy  keep ing  th e  t i t a n i u m  p a r t i c l e s  i n  p la c e  was l e s s  

than  th e  energy s u p p l ie d  by in c r e a s e d  flow r a t e s ,  th e  p a r t i c l e s  

would be  sh ea red  lo o se  and r e d e p o s i t e d  a g a in  somewhere low er in  

the  f i b e r  m a t r ix .  T h e re fo re ,  i f  t h e  energy  s u p p l ie d  by th e  flow 

r a t e  was g r e a t  enough, l a r g e  q u a n t i t i e s  o f  t i t a n iu m  cou ld  be washed 

from th e  system . T h is  was a c c e n tu a te d  i f  l a r g e  volumes o f  w a te r  were 

a l s o  u se d .
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To summarize the  i n v e s t i g a t i o n s  in  t h i s  a r e a ,  i t  can be con­

cluded  t h a t  in c re a s e d  d r a in a g e  r a t e s  d e c re a se  the  f i n e s  and f i l l e r  

c o n te n t  o f  p a p e r .  Paper made by the  f o u r d r i n i e r  p ro c e s s  m a n i f e s t s  

an uneven d i s t r i b u t i o n  o f  f i n e s  and f i l l e r s ,  w i th  th e  top  la y e r s  

c o n ta in in g  as much as t h r e e  tim es th e  f i l l e r  and tw ic e  th e  f i n e s  

c o n te n t  o f  th e  w ire  l a y e r s .  Paper made on the  B r i t i s h  sheetm old  

e x h i b i t s  the  o p p o s i te  c h a r a c t e r i s t i c s  w ith  th e  w ire  l a y e r s  c o n ta in ­

in g  th e  h ig h e r  c o n c e n t r a t i o n  o f  f i n e s . A lthough th e  u se  o f  a dandy 

r o l l  can h e lp  to  e q u a l i z e  tw o -s id e d  f i l l e r  r e t e n t i o n  th e  e f f e c t  i s  

o f f s e t  by the  d e n s i f y i n g  a c t i o n  of th e  dandy r o l l .  The d en se r  

s h e e t  c r e a t e s  g r e a t e r  vacuums i n  th e  f l a t  boxes which red u ce s  th e  

o v e r - a l l  r e t e n t i o n  o f  f i n e s  and f i l l e r s .

THE EFFECT OF RATE OF WEB FORMATION OF PAPER PROPERTIES

Although t h e r e  has  b een  some work done on th e  in f l u e n c e  of 

fo rm a t io n  r a t e  on p ap e r  s t r u c t u r e ,  v e ry  l i t t l e  has been p u b l ish e d  

on th e  e f f e c t  of fo rm a t io n  r a t e  on p aper  p r o p e r t i e s .  Norman (17) 

has s tu d ie d  th e  e f f e c t  of w i r e  mesh, d ra in a g e  r a t e ,  c o n s is te n c y  and 

pu lp  type  on B r i t i s h  shee tm o ld  p a p e r ,  th e  r e s u l t s  of which can be 

found i n  T ab le  I I .  The d r a in a g e  r a t e  was v a r i e d  by th e  a t tach m en t 

of vacuum pumps t o  th e  d r a i n  o f  th e  shee tm o ld .

Norman f e l t  th e  r e s u l t s  could  be e x p la in e d  i n  te rm s o f  the  

f i b e r  le n g th  and f i b e r  c o m p r e s s i b i l i t y .  The lo n g ,  f l e x i b l e  s o f t ­

wood k r a f t  f i b e r s  more r e a d i l y  b r id g e d  th e  open ings  i n  th e  w ire  

mesh and q u ic k ly  e s t a b l i s h e d  a  f ib r o u s  f i l t e r  bed on th e  w i r e .  In  

a d d i t i o n ,  th e  f l e x i b l e  n a t u r e  o f  th e  k r a f t  f i b e r s  im p a r te d  a h ig h
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TABLE U  THE DEPENDENCE OF SHEET PROPERTIES ON FORMING VARIABLES ( l7 )a

Softwood Kraft Hardwood Kraft Softwood Semichem. Puli

Drainage Rate, sec Drainage Rate, sec Drainage Rate, sec

U .l Ib 2.U 6.8 I 3.9 I 1.9

Burst
Factor: 81 85 80 52 52 U6 59 66 65

Breaking 
Length: 10.9 10.6 10.8 8.U 8.3 7.0 9.8 9.7 10.3

Tear
Factor: 132 138 136 9k 102 100 81 79 81

Bulk: 1.59 1,65 1.61 1.52 1.5U 1.56 1.60 1.60 1.61

Air
Resistance, 
sec: 30 30 Uo 133 109 62 27 27 26

Stretch, 2.9 2.9 2.9 3.3 3.5 2.9 2.0 1.9 2.1

2lA ll sheets were made at a 0.017 percent consistency, using a ijlt x 60 
mesh fourdrinier wire. The freenesses o f these pulps were 1*50, 100, 
and U50 CSF, respectively.

bI = Intermediate drainage rate. Numerical values were not given.
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c o m p r e s s ib i l i t y  to  th e  form ing m at.  A h ig h  d r a in a g e  r a t e  compressed 

and d e n s i f i e d  th e  form ing m at,  which a l low ed  a g r e a t e r  r e t e n t i o n  o f  

th e  s h o r t e r  f i b e r  f r a c t i o n s .  T h is  mechanism may a cc o u n t f o r  the 

low er d ra in a g e  r a t e s  o f  softw ood k r a f t  compared to  sem ichem ical 

pu lp s  under f a s t  d ra in a g e  c o n d i t io n s .  The h ig h  d r a in a g e  r a t e  had 

no s i g n i f i c a n t  e f f e c t  on th e  p h y s ic a l  p r o p e r t i e s  o f  tha  p aper  made 

from the  lo n g - f ib e r e d  k r a f t .  However, t h e r e  was s i g n i f i c a n t  s t r e n g t h  

lo s s  in  th e  sem ichem ica l p u lp  b ecause  o f  th e  g r e a t e r  f i b e r  r i g i d i t y  

and s im u ltan eo u s  lo s s  o f  s h o r t e r  f i b e r  f r a c t i o n s . The lo s s  of 

s t r e n g t h  was most pronounced i n  th e  hardwood k r a f t  which lacked  th e  

long  f i b e r  needed to  q u ic k ly  e s t a b l i s h  a  f i b e r  mat on th e  w i r e ,  r e ­

s u l t i n g  in  an e x c e s s iv e  l o s s  o f  f i n e s  and concom itan t l o s s  i n  b u r s t ,  

b re a k in g  l e n g th ,  s t r e t c h  and a i r  r e s i s t a n c e .

In  summary, Norman f e l t  the  n a t u r e  o f  th e  p u lp  de te rm ined  the  

e f f e c t  t h a t  the  d r a in a g e  r a t e  had on s h e e t  p r o p e r t i e s .  S tre n g th  

lo s s e s  w ere e x p la in e d  in  te rm s o f  th e  l o s s  o f  f i n e s  and s h o r t  f i b e r  

f r a c t i o n s .  I f  th e  pu lp  had f i b e r  l e n g th  and f l e x i b i l i t y ,  th e se  

lo s s e s  w ere m in im ized , even a t  h ig h  d ra in a g e  r a t e s .

THE EFFECT OF THE CONTENT OF FINES ON THE PROPERTIES OF PAPER

I t  has long been  a m a t t e r  o f  c o n j e c tu r e  as to  w h e th e r  the f i n e s  

i n  p aper  c o n t r i b u t e  t o  i t s  s t r e n g t h  developm en t.  Ingmanson and 

Thode ( 18) have s t a t e d ,  " In  th e  c a se  of an u n c l a s s i f i e d  pu lp  (made 

i n t o  h a n d sh e e ts )  where l a r g e  amounts o f  f i n e s  w ere known to  be p r e ­

s e n t ,  th e  f i n e s  have a p p a r e n t ly  bonded to  th e  s u r f a c e  of p a re n t  

f i b e r s  w i th  the  r e s u l t  t h a t  th e  d ry  f i b e r  s u r f a c e  a r e a  remains

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



13

e s s e n t i a l l y  c o n s t a n t . "  Ingmanson and Thode concluded t h a t  fo r  a 

g iven  t o t a l  bonded a r e a ,  th e  s t r e n g t h  of pap e r  was independen t of 

th e  s u r f a c e  a re a  o f  th e  f i b e r s  or th e  c o n c e n t r a t i o n  o f  f i n e s  p r e ­

s e n t .  In  a d d i t i o n  th ey  commented, "The o n ly  m ajor r o l e  of s u r f a c e  

development and f i n e s  in  p roduc ing  s t r e n g t h  i s  to  p ro v id e  g r e a t e r  

s u r f a c e  t e n s i o n  (The Campbell e f f e c t )  to  draw f i b e r s  i n t o  c lo se

enough p ro x im ity  f o r  bonds to  be e s t a b l i s h e d ...................  I t  appears

t h a t  f in e s  a r e  n o t  as e f f e c t i v e  as an e q u i v a l e n t  s u r f a c e  a re a  o f  

f i b r i l s . "

G ie r tz  (19) r e p o r t e d  t h a t  the  o n ly  v i s u a l  e f f e c t  o f  the con­

t e n t  of f i n e s  was t h e i r  d r a s t i c  e f f e c t  on th e  d ra in a g e  o f  the  p u lp .

He found t h a t  th e  fo rm a t io n  of f i n e s  d u r in g  b e a t in g  p layed  an im­

p o r t a n t  r o l e  i n  d e te rm in in g  the  p o r o s i t y  o f  p aper  b u t ,  o th e r  than  

t h a t ,  seemed to  be  a s i d e - e f f e c t  o f  l i t t l e  v a lu e  f o r  the  im prove­

ment o f  th e  o th e r  p r o p e r t i e s  of p a p e r .  T h e r e f o re ,  he f e l t  t h a t  the 

fo rm a t io n  o f  f in e s  sh o u ld  be  k e p t  t o  a minimum.

Somewhat c o n v e r s e ly ,  o th e r  i n v e s t i g a t o r s  have found th e  f in e s  

to  c o n t r o l  a g iven  p ro p e r ty  o f  the  w hole ( u n f r a c t io n a t e d )  p u lp .

A rlo v  ( 20) found t h a t  th e  rem oval of th e  f i n e s  from s u l f i t e  pu lp s  

r e f i n e d  by a P . F . I .  m i l l ,  b a s a l t  l a v a  b e a t e r  and V alley  b e a t e r  r e ­

duced th e  b re a k in g  le n g th  o f  th e  p ape r  made from a l l  t h r e e  p u lp s .

O ther i n v e s t i g a t o r s  ( 21 -  23) have found t h a t  the  a d d i t io n  of f in e s  

to  pu lp s  in c r e a s e d  th e  b re a k in g  l e n g t h .

Maron and A lexander ( 24) r e p o r te d  t h a t  t h e  manner i n  which th e  

wood was pu lped  p la y e d  an im p o r ta n t  r o l e  i n  d e te rm in in g  the  i n f l u e n c e  

of f in e s  on pap er  p r o p e r t i e s .  By making h a n d s h e e ts  from f r a c t i o n a t e d ,
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u n b ea ten ,  k r a f t ,  s u l f i t e ,  NSSC and s to n e  groundwood p u lp ,  th ey  found 

the  f i n e s  o f  t h e  h ig h  y i e l d  p u lp s  c o n t r i b u t e d  v e ry  s i g n i f i c a n t l y  to  

th e  developm ent o f  b re a k in g  le n g th  and b u r s t  w h i le  a d v e r s e ly  e f f e c t ­

ing  th e  t e a r .  The s t r e n g t h  developm ent was a t t r i b u t e d  to  the  r a t h e r  

s t i f f ,  u n h y d ra te d  n a t u r e  o f  th e  lo n g e r  f i b e r s  i n  h ig h  y i e l d  pu lp s  

and to  the  l a r g e  q u a n t i t y  o f  f i n e s  p r e s e n t  i n  t h e s e  pu lp s  (30% in  

NSSC and 40% i n  s to n e  groundwood compared to  10-12% f in e s  i n  f u l l  

chem ical p u l p s ) . The f i n e s  had minor p o s i t i v e  e f f e c t s  on th e  b r e a k ­

ing  le n g th  and b u r s t  s t r e n g t h  o f  k r a f t  and s u l f i t e  p u lp s ,  b u t  de­

c re a se d  t h e i r  t e a r  s t r e n g t h s  s i g n i f i c a n t l y .

R ich a rd so n  (25) s tu d ie d  th e  e f f e c t  o f  " u l t r a  f i n e s "  on the  

paper s t r e n g t h  p r o p e r t i e s  and d ra in a g e  r a t e  o f  a NSSC p u lp .  The 

f in e s  w ere  c o n s id e r e d  t h a t  f r a c t i o n  o f  th e  pu lp  which p assed  th rough  

a 200 mesh s c r e e n .  R ichardson  f u r t h e r  f r a c t i o n a t e d  the  f i n e s  i n t o  

o th e r  s i z e s  w hich c o n s i s t e d  of f i n e s  l a r g e r  th a n  100 m icrons ,  

s m a l le r  th a n  100 b u t  g r e a t e r  th a n  85 m ic ro n s ,  s m a l le r  th a n  85 b u t  

g r e a t e r  th a n  60 m ic ro n s ,  s m a l le r  th an  60 b u t  g r e a t e r  th an  20 m icrons 

and s m a l l e r  th a n  20 m ic rons .  He then  s t u d i e d  th e  e f f e c t  of th e s e  

" u l t r a  f i n e s "  on p ap e r  p r o p e r t i e s  and found t h a t  th e  b u r s t  and t e n ­

s i l e  s t r e n g t h s  c o n t in u e d  to  i n c r e a s e  w i th  the  a d d i t i o n  of th e s e  f i n e s .  

F u r th e rm o re ,  th e  s t r e n g t h  i n c r e a s e s  w ere  found to  become more ap p a r ­

en t  as  th e  s i z e  o f  th e  f in e s  d e c r e a s e d .  He added t h a t  th e  s t r e n g t h  

improvement was p o s s i b l y  s u f f i c i e n t  t o  w a r r a n t  a c c e p ta n c e  o f  th e  

s im u ltan e o u s  d r a in a g e  r a t e  d e c r e a s e ,  w i th  th e  e x c e p t io n  o f  th e  f i n e s  

s m a l le r  th a n  20 m ic ro n s . I t  was t h e r e f o r e  concluded  t h a t  th e s e  

m inu te  b u t  d i s c r e t e  p a r t i c l e s  cou ld  c o n t r i b u t e  s u b s t a n t i a l l y  to  an 

in c r e a s e  i n  i n t e r f i b e r  bond ing .
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The d isa g re e m e n ts  e v o lv in g  from th e s e  v a r io u s  i n v e s t i g a t i o n s  

co u ld  s tem  from s e v e r a l  s o u r c e s .  F i r s t ,  th e  r e s u l t s  a re  usually- 

b a sed  on th e  i n i t i a l  c o n te n t  o f  f in e s  o f  a p u lp  which may o r  may 

n o t  be i n d i c a t i v e  of th e  f i n a l  c o n c e n t r a t i o n  o f  f i n e s  i n  th e  p a p e r .  

R ic h a rd so n  c ircum ven ted  t h i s  problem  by add ing  f in e s  u n t i l  a 5% 

i n c r e a s e  i n  s h e e t  w e ig h t  was o b ta in e d .  A lso ,  th e  r e s u l t s  would 

depend to  a  g r e a t  e x t e n t  on th e  type  o f  f i n e s  b e in g  u sed .  I f  th e  

f i n e s  a re  produced  by a r e f i n i n g  p r o c e s s ,  th e y  may o r  may n o t  have 

a h ig h ly  dev e lo p ed  s u r f a c e .  I f  f in e s  have a  low s u r f a c e  d ev e lo p ­

ment th e y  would p ro b ab ly  add l i t t l e  to  the  developm ent of s t r e n g t h  

i n  p a p e r .  The f i n e s  may a l s o  o r i g i n a t e  from th e  wood as ra y  c e l l s ,  

v e s s e l  seg m en ts ,  o r  parenchyma c e l l s .  S te e n b e rg  (22) and R osch ie r  

( 26) have found d i f f e r e n c e s  i n  the  chem ica l  and p h y s ic a l  p r o p e r t i e s  

of n a t u r a l  f i n e s  and th o se  p roduced  by r e f i n i n g .  The n a t u r a l  f i n e s  

had a h ig h e r  l i g n i n  c o n te n t  and added l e s s  to  th e  development of 

s t r e n g t h  i n  p ap e r  (2 7 ) .

The consensus  o f  o p in io n  seems to  i n d i c a t e  t h a t ,  w h i le  f i n e s  

can add to  th e  s t r e n g t h  o f  p a p e r ,  t h e i r  a d v e rs e  e f f e c t  on d ra in a g e  

may o f f s e t  any b e n e f i t .

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



PRESENTATION OF PROBLEM

The p re c e d in g  s e c t i o n s  i n d i c a t e  t h a t  th e  f o u r d r i n i e r  p ro c e s s  

p roduces  p ap e r  w ith  an uneven d i s t r i b u t i o n  of f i n e s  and i s  r e l a ­

t i v e l y  in d e p en d en t  o f  any a t te m p ts  to  change t h i s  d i s t r i b u t i o n .  The 

p rob lem  i s  t h a t  the  n a t u r e  o f  th e  f o u r d r i n i e r  p r o c e s s  makes i t  im­

p o s s i b l e  to  produce a s h e e t  w i th  a un ifo rm  d i s t r i b u t i o n  o f  f in e s  

th e re b y  making i t  a l s o  im p o s s ib le  to  d e te rm in e  th e  e f f e c t  o f  an un­

even d i s t r i b u t i o n  on the  p r o p e r t i e s  o f  p a p e r .  I f  i t  i s  assumed 

t h a t  f i n e s  do add s t r e n g t h  to  p a p e r ,  t h e i r  uneven  d i s t r i b u t i o n  b o th  

l a t e r a l l y  and th rough  th e  s h e e t  may c o n t r i b u t e  s i g n i f i c a n t l y  to  th e  

" d a ta  s c a t t e r "  so common to  p a p e r  t e s t s .  These s m a l l - s c a l e  su b s ta n c e  

n o n u n i f o r m i t i e s  in t ro d u c e  l o c a l i z e d  w eaknesses  i n  p ap e r  which u l t i ­

m a te ly  cause  a r e d u c t io n  in  i t s  s t r e n g t h  p r o p e r t i e s  .

The p r e s e n t  s t a t e  o f  th e  p ap e r  i n d u s t r y  i n d i c a t e s  t h a t  th e  sub­

s t a n c e  n o n u n ifo rm ity  common to  th e  f o u r d r i n i e r  p ro c e s s  may be r e ­

duced by changing  to  new m a n u fa c tu r in g  p r o c e s s e s ,  two o f  which have 

been  in t r o d u c e d  i n  r e c e n t  y e a r s .  Common to  b o th  i s  th e  rem oval of 

w a te r  from b o th  s id e s  o f  th e  s h e e t ,  whereby an a t te m p t  i s  made to  r e ­

duce tw o -s id e d n e s s  and th e  uneven d i s t r i b u t i o n  o f  f i n e s  and f i l l e r s .  

I t  i s  s t i l l  to o  e a r l y  to  e v a l u a t e  th e  r e s u l t s  o f  th e s e  p r o c e s s e s .

The p r im ary  o b j e c t iv e  of t h i s  i n v e s t i g a t i o n  was to  d e te rm in e  

th e  e f f e c t  of th e  d ra in a g e  r a t e  on th e  d i s t r i b u t i o n  and u l t i m a t e  

c o n te n t  o f  f i n e s  th rough  the c ro s s  s e c t i o n  o f  p a p e r .  In  t u r n ,  

th e s e  l a t t e r  phenomena w ere to  be an a ly zed  w i th  r e s p e c t  to  t h e i r  

i n f l u e n c e  on th e  p r o p e r t i e s  o f  p a p e r .
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EXPERIMENTAL PROCEDURES

THE PREPARATION OF THE LONG FIBER

A b le a c h e d  softw ood k r a f t  (C e lg a r )  was used f o r  th e  long  f i b e r  

f r a c t i o n .  The pu lp  was r e f i n e d  i n  a 1% pound V alley  b e a t e r  w i th  a 

5400 gram lo ad  fo r  15 m inu tes  a t  a c o n s i s te n c y  o f  1.56%. The r e s u l ­

t a n t  pu lp  had a f r e e n e s s  o f  565 ml, Canadian S ta n d a rd .  A d i r e c t  dye* 

was im m edia te ly  charged  to  th e  b e a t e r ,  t o t a l i n g  6.0% by w e igh t on th e  

oven dry  f i b e r .  Twenty grams of s a l t  w ere th en  added to  s e t  th e  dye. 

The te m p e ra tu re  of th e  pu lp  a f t e r  th e  a d d i t i o n  o f  th e  dye s o l u t i o n  

was 95°F. The pu lp  was ag a in  d i s p e r s e d  f o r  f o u r  hours and soaked 

fo r  an a d d i t i o n a l  18 hours  a f t e r  which i t  was p la c e d  in  a Bauer-M cNett 

c l a s s i f i e r  f o r  w ash ing .  By ru n n in g  h o t  w a te r  (142°F) th rough  th e  

c l a s s i f i e r  f o r  fo u r  hours  th e  f i n e s  and th e  ex cess  dye w ere b o th  r e ­

moved d u r in g  th e  same o p e r a t io n .  The p u lp  c o l l e c t e d  from th e  2 8 - ,

6 5 - ,  and 100- mesh s c re e n s  was used as th e  l o n g - f i b e r e d  f r a c t i o n  and 

w i l l  be d e s ig n a te d  as  "Pulp  A" th ro u g h o u t  th e  r e s t  of t h i s  p a p e r .

The ave rage  f i b e r  le n g th  o f  Pulp A was d e te rm in ed  u s in g  m ic ro s c o p ic  

t e c h n i q u e s .

A nother p o r t i o n  o f  th e  same pu lp  was r e f i n e d  i n  a lh pound 

V a lley  b e a t e r  w i th  a 5400 gram load  f o r  20 m inu tes  a t  a  c o n s i s ­

te n cy  o f  1.25%. The pulp  had a f r e e n e s s  of 596 m l, C .S . ,  and was 

n o t  dyed. The f in e s  were removed in  th e  same manner as b e f o r e ,  and

* C a lc o 's  Pheno B lack  SGN Cone. D u s t le s s  D i r e c t  Dye
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1 8

th e  average  f i b e r  l e n g th  of th e  pulp was ag a in  d e te rm in e d .  This 

pu lp  w i l l  be r e f e r r e d  to  as "Pulp B",

THE PREPARATION OF FINES

One hundred and tw enty  pounds o f  b le a c h e d  so f tw ood  k r a f t  

(C e lg a r)  was charged  to  a  240 pound H o llander  b e a t e r  and d isp e rs e d  

a t  a c o n s is te n c y  of 2.0%. The pulp was then  r e f i n e d  w tih  a 01- 

C l a f l i n  r e f i n e r  f o r  two hou rs  to  a C .S . f .  o f  127 m l.  The s to ck  

was th e n  run on th e  30 in c h -w id e  p i l o t  paper m achine  of th e  Paper 

Technology D epartm ent o f  W estern  Michigan U n iv e r s i t y  a t  a b a s is  

w eigh t of 70 pounds p e r  25 x 38 -500 ream and a  sp eed  of 50 f e e t  

p e r  m in u te .  A 60 x 75-mesh machine w ire  was u s e d .  The w h ite  w a te r  

was pumped from th e  w i r e  p i t  to  two 210 g a l lo n  ta n k s  to  which a

in c h  Bauer C e n t r i c l e a n e r  System was a t t a c h e d  to  c l e a n  th e  f i n e s .  

A f te r  th e  f i n e s  were c le a n e d  a t  a c o n s is te n c y  o f  0.22%, a p r e s e r v a t iv e  

(Dowicide G) was added and th e  f in e s  were a l lo w ed  to  s e t t l e  fo r  th r e e  

days .  The f in e s  w ere th e n  c o l l e c t e d  from a s p o u t  a t  th e  bottom of 

th e  ta n k  a t  a c o n s i s t e n c y  o f  0.36% and were s t o r e d  in  a r e f r i g e r a t o r  

a t  10GC.

THE ESTABLISHMENT OF THE CALIBRATION CURVE

I n  o rd e r  to  d e te rm in e  th e  con ten t  of f i n e s  i n  th e  p a p e r ,  a c a l i ­

b r a t i o n  curve was e s t a b l i s h e d  p l o t t i n g  th e  r e l a t i o n s h i p  between th e  

p e rc e n t  o f  f i n e s  p r e s e n t  and th e  r e s u l t a n t  b r i g h t n e s s  o f  th e  p ap e r .

The f in e s  used i n  t h i s  p ro c e d u re  t o t a l l e d  0 ,  10 , 20 , 40 , 50 , 60, 80, 

90 , and 100% of th e  s h e e t  w e ig h t .  A M i l l ip o r e  membrane f i l t e r  appa­
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r a tu s  w ith  a c e l l u l o s e  a c e t a t e  f i l t e r  membrane of 8 m icron  p o re  s i z e  

was used to  i n s u r e  co m p le te  r e t e n t i o n  o f  th e  f i n e s  i n  the  pad . A 

diagram  of th e  a p p a ra tu s  i s  found in  F ig u re  4 . A lthough th e  p u lp  

s l u r r y  was s t i r r e d  c o n t in u o u s ly  as th e  pad was b e in g _ fo rm ed , th e  

f in e s  s t i l l  tended  t o  m ig r a te  toward th e  f i l t e r  membrane. The 

b r ig h t n e s s  d a t a  p o i n t s  used  w ere an a v e ra g e  o f  th e  top and f i l t e r -  

s id e  v a l u e s .

A f te r  th e  pads w ere  made, they w ere p r e s s e d  w ith  the  s t a n d a r d  

B r i t i s h  sheetm old  equipm ent i n  accordance  w i th  TAPPI s ta n d a rd  

T 205 m-58. The pads w ere  d r i e d  by p l a c in g  them between p o ly v i n y l -  

c h lo r id e  a n n u la r  d i s c s  made from p ip e  c o u p l in g s .  Holes were d r i l l e d  

around th e  p e r ip h e ry  o f  th e  d i s c s  to  i n s u r e  th e  flow  o f a i r  over th e  

pad s u r f a c e s . Pulp  g a s k e ts  and a one k i lo g ra m  w e ig h t  were p la c e d  

between and on top  o f  th e  pads i n  o rd e r  t o  keep s h r in k a g e  to  a m in i ­

mum. The pads w ere d r i e d  i n  a  room w i th  a  t e m p e ra tu re  of 73+l°F  and 

a r e l a t i v e  h u m id ity  o f  50+2%.

THE PREPARATION OF HANDSHEETS

A l l  hands’n e e t s  w ere  made w ith  d e io n iz e d  w a te r  and in  acco rd an ce  

w ith  TAPPI s ta n d a r d  T-205 m-48 excep t f o r  th e  u s e  o f  a 60 x 75-mesh 

w ire  i n  p la c e  o f  th e  c o n v e n t io n a l  150 x 150-mesh h an d sh ee t  w i r e .  A 

m od if ied  B r i t i s h  sh ee tm o ld  ( s e e  F ig u re  5) was used  t o  p e rm it  v a r i a ­

t i o n  o f  th e  d r a in a g e  r a t e .  To i n c r e a s e  th e  d r a in a g e  r a t e ,  th e  v a lv e s  

between th e  vacuum ta n k  and th e  w a te r - l e g  w ere c lo se d  and th e  pump 

engaged. When th e  gauge i n d i c a t e d  th e  d e s i r e d  vacuum, th e  v a lv e  be ­

tween th e  pump and th e  vacuum ta n k  was c lo s e d  and th e  pump s to p p e d .
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The upper pop v a lv e  between th e  vacuum ta n k  and th e  w a t e r - l e g  was 

th e n  opened and s h e e t  fo rm a t io n  commenced. The tim e r e q u i r e d  fo r  

th e  w a te r  l e v e l  to  r e a c h  th e  "dry  l i n e "  o f  th e  s h e e t  was d e f in e d  

as the  d r a in a g e  t im e .  These tim es were then  co n v e r te d  to  d r a i n ­

age r a t e s  by d iv i d in g  th e  v a lu e s  by th e  d i s t a n c e  th e  pu lp  s l u r r y  

t r a v e l e d  (350 mm) in  th e  sh ee tm o ld .

Paper was made from Pulp  A and c o n ta in e d  an i n i t i a l  f i n e s  

c o n te n t  o f  10 and 30%. Each o f  th e s e  s e t s  was made a t  t h r e e  d i f ­

f e r e n t  d r a in a g e  r a t e s .

The pap er  made from Pulp B c o n ta in e d  an i n i t i a l  f i n e s  c o n te n t

of 50%. S e ts  o f  15 s h e e t s  w ere made a t  th r e e  d i f f e r e n t  d ra in a g e

r a t e s .  Ten s h e e t s  w ere used to  g a th e r  the  c o n v e n t io n a l  t e s t  s t r e n g t h  

d a t a  and f i v e  were s e t  a s id e  f o r  th e  s h e e t  s p l i t t i n g  p r o c e s s .  The 

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

b r i g h t n e s s ,  p o r o s i t y ,  t e n s i l e  energy  a b s o rp t io n  and e l o n g a t io n .  The 

t e s t s  were c a r r i e d  ou t  and th e  r e s u l t s  were c a l c u l a t e d  in  accordance  

w i th  TAPPI s ta n d a r d  T 220 m -60.

THE SHEET SPLITTING PROCESS

The p a p e r  made from Pulp  B and 50% f i n e s  was s p l i t  i n t o  la y e r s

w i th  a B e l o i t  s h e e t  s p l i t t e r  (9) to  d e te rm in e  the  e f f e c t  o f  d ra in a g e

r a t e  on th e  d i s t r i b u t i o n  of f i n e s  th rough  the  th i c k n e s s  o f  th e  p a p e r .  

F iv e  s h e e t s  from each o f  t h r e e  s e t s  o f  p ap e r  w ere s p l i t  i n t o  fo u r  

l a y e r s :  to p ,  to p -m id d le ,  w ire -m id d le  and w i r e .  B e fo re  the  s h e e t s  

w ere  s p l i t ,  they  were trimmed to  f i t  th e  s h e e t  s p l i t t e r  r o l l s  and 

soaked f o r  an hour i n  w a t e r . An a t te m p t was made to  s p l i t  th e  s h e e t s
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i n t o  fo u r  e q u iv a le n t  s e c t i o n s ,  a l l  l a y e r s  approx im ating  25% o f  th e  

s h e e t  w e ig h t .  R o l l  te m p e ra tu re ,  speed  and p re s s u re  were used  to  

c o n t r o l  th e  s p l i t t i n g  in  o rd e r  to  o b ta in  th e  d e s i r e d  l a y e r  w e ig h t .

A f te r  th e  s h e e t s  were s p l i t ,  th e  l a y e r s  were s l u r r i e d  and made i n t o  

pads u s in g  th e  M i l l ip o re  f i l t e r  a p p a r a tu s .  The f i l t e r  membrane had 

an a v e ra g e  po re  s i z e  of 8 m icrons  i n s u r i n g  complete r e t e n t i o n  o f  the 

f i n e s  i n  th e  l a y e r s . The pads w ere d r i e d  i n  the same manner as 

th o se  i n  th e  c a l i b r a t i o n  p ro c e d u re .  The amount of f i n e s  i n  th e  

l a y e r s  was de te rm ined  u s in g  th e  b r i g h t n e s s  v a lu es  o f  the pads and 

the  c a l i b r a t i o n  curve f o r  Pulp  B (See F ig u re  6 ) .
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PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

CHARACTERIZATION OF PULP A AND PULP B

I t  was th o u g h t  a t  th e  o u t s e t  o f  t h i s  i n v e s t i g a t i o n  t h a t  th e  

b r ig h t n e s s  o f  p ap e r  made from f i n e s  added to  a dyed pu lp  would 

g ive  a good i n d i c a t i o n  of th e  f i n a l  c o n te n t  o f  f in e s  i n  th e  p a p e r .

By s p l i t t i n g  th e  s h e e t s  i n t o  fo u r  l a y e r s ,  th e  b r ig h t n e s s  v a lu e s  o f  

th e se  l a y e r s  cou ld  a l s o  be used to  d e te rm in e  th e  d i s t r i b u t i o n  o f  

f in e s  th ro u g h  th e  th ic k n e s s  o f  th e  p a p e r .  However, th e  f i n e s  

absorbed  enough c o lo r  io n s  from th e  w a te r  to  make t h e i r  b r i g h t n e s s  

alm ost t h a t  o f  th e  dyed p u lp ,  e s p e c i a l l y  i n  p ap er  c o n ta in in g  a low 

p e rc e n ta g e  o f  f i n e s .

Because o f  th e  ex trem ely  low b r i g h t n e s s  o f  th e  f i n e s ,  i t  was 

f e l t  t h a t  th e  u se  of an undyed, b le a c h e d  k r a f t  r e f in e d  i n  d e io n iz e d  

w a te r  would p roduce  th e  b r ig h t n e s s  sp re a d  needed fo r  t h i s  s tu d y .  

T h e re fo re ,  a n o th e r  b a tc h  o f  p u lp ,  P u lp  B, was r e f i n e d  in  d e io n iz e d  

w a te r .  T h is  y i e ld e d  a  pu lp  w i th  a b r i g h t n e s s  of 83.4%. S ince  

s t r e n g t h  com parisons were to  be  made betw een th e  two p u lp s ,  they  

were r e f i n e d  to  ap p ro x im a te ly  th e  same f r e e n e s s ,  Pulp  A (dyed) 565 

C .S . f .  and P u lp  B, 596 C .S . f .  The a v e ra g e  f i b e r  le n g th  d a t a ,  as 

d e te rm ined  by m ic ro s c o p ic  a n a l y s i s ,  and p ho tog raphs  of b o th  p u lp s  

can be  found i n  Appendixes I  and I I .  The pho tog raphs  show th e  

r e l a t i v e l y  sm a l l  amount o f  r e f i n i n g  th e  dyed and undyed p u lp s  r e ­

c e iv e d .  The w e ig h ted  ave rag e  l e n g th  o f  Pulp  A was g r e a t e r  th a n  

t h a t  of P u lp  B. T h is  was p ro b a b ly  due to  th e  long  w ashing  o p e r a t io n

25
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used to  remove th e  excess  dye from th e  f i b e r .  In  the  p ro c e s s  more 

o f  th e  s h o r t e r  f i b e r  f r a c t i o n s  would a l s o  be removed.

I t  i s  b e l i e v e d  th a t  d y e in g  a p u lp  w ith  a  d i r e c t  dye a f t e r  th e  

b e a t i n g  c y c le  has v e ry  l i t t l e  e f f e c t  on i t s  p o t e n t i a l  paperm aking 

p r o p e r t i e s .  C en to la  and B orruso  ( 28) s tu d ie d  th e  in f lu e n c e  of 

c e r t a i n  s u b s t a n t i v e  dyes ( i n c l u d in g  d i r e c t  dyes) on th e  s t r e n g t h  

p r o p e r t i e s  o f  softw ood s u l f i t e  and k r a f t  p u lp s .  They found t h a t  

th e  a d d i t i o n  o f  d i r e c t  dyes t o  th e s e  p u lp s  a f t e r  th e  b e a t in g  cy c le  

was com ple ted  had no e f f e c t  on th e  s t r e n g t h  p r o p e r t i e s  of th e  p a p e r .  

T h e r e f o re ,  th e  d i f f e r e n c e  betw een Pulp  A and Pulp  B was assumed to  

be n e g l i g i b l e .

THE CONSTRUCTION OF THE CALIBRATION CURVE

The c a l i b r a t i o n  curve was e s t a b l i s h e d  by add ing  known p e r c e n t ­

ages o f  f i n e s  to  Pulp  B and form ing s h e e t s  on th e  M i l l ip o r e  f i l t e r  

a p p a r a tu s .  The b r ig h t n e s s  v a lu e s  of th e  pads w ere de te rm in ed  fo r  

each  l e v e l  o f  f i n e s  a d d i t io n  and were p l o t t e d  a g a i n s t  the  p e rc e n ta g e  

o f  f i n e s  added . These r e s u l t s  can be found in  T ab le  I I I  and F ig u re  6.

CHARACTERIZATION OF FINES

M ic ro sco p ic  measurements and p h o tog raphs  were used to  c h a r a c t e r ­

i z e  th e  f i n e s .  As can be s e e n  i n  th e  pho tog raphs  o f  Appendix I I I ,  

t h e  f i n e s  have been  co m p le te ly  d i s i n t e g r a t e d  to  f i b r i l  b u n d le s .

T h e i r  h ig h ly  developed  s u r f a c e  i s  a l s o  ve ry  a p p a re n t .  The l a r g e s t  

d im ension  o f  th e  f in e s  was d e te rm in e d  t o  be 0 .2  t o  0 .3  mm.
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TABLE I I I  SUMMARY OF CALIBRATION CURVE DATA OBTAINED USING FINES, 
PULP B AND MILLIPORE FILTER APPARATUS

F in es  C o n te n t ,$ B r i g h t n e s s , $ I .P . C .  B as is  W eight, g/m

0 83. U 202.6

10 70.5 198.3

20 53.1 20h.h

hO 28.7 192. h

50 20. u 191.5

60 17.7 193-5

80 13.0 193. U

90 11.6 206.1

100 10.1 20h.5

*The discs were trimmed with a punch to a diameter of 1.92 cm. before 
weighing.
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THE EFFECT OF THE CONTENT OF FINES ON PAPER PROPERTIES

I n s p e c t i o n  o f  Table  IV and F ig u re s  7 and 8 i n d i c a t e s  th a t  

many o f  th e  s t r e n g t h  p r o p e r t i e s  o f  paper  made from a s l i g h t l y  

b e a te n  softw ood k r a f t  can be s u b s t a n t i a l l y  in c r e a s e d  by th e  a d d i­

t i o n  o f  f i n e s  to  th e  p u lp .  I n c r e a s e s  i n  th e  f o l d ,  b re a k in g  l e n g th ,  

b u r s t  and d e n s i t y  o f  th e  p ap e r  were produced by the  a d d i t i o n  o f  f i n e s  

w h i le  th e  t e a r  and a i r  p e r m e a b i l i ty  were d e c r e a s e d .  These r e s u l t s  

w ere found to  be h ig h ly  s i g n i f i c a n t  when a n a ly zed  s t a t i s t i c a l l y  a t  

the  99 p e r c e n t  co n f id e n ce  l e v e l  (See Appendix I V ) . Only th o se  

p r o p e r t i e s  t h a t  w ere s i g n i f i c a n t l y  e f f e c t e d  by th e  a d d i t i o n  of f in e s  

( a t  th e  99% co n f id e n ce  l e v e l )  w ere p l o t t e d  i n  F ig u re s  7 and 8.

F in e s  a r e  h ig h ly  developed  in  s u r f a c e  a r e a  and th e r e f o r e  have 

a g r e a t e r  hydrogen  bonding p o t e n t i a l  p e r  u n i t  w e igh t th a n  th e  long 

f i b e r s  i n  an unbea ten  chem ica l p u lp .  The a d d i t i o n  o f  f i n e s  to 

such a p u lp  sh o u ld  in c r e a s e  th e  d eg ree  o f  i n t e r f i b e r  bonding  i n  the  

p a p e r .  The d a t a  i n d i c a t e s  t h a t  th e  p r o p e r t i e s  c o n s id e re d  to be 

p r i m a r i l y  in f lu e n c e d  by i n t e r f i b e r  b o nd ing ,  i . e .  b u r s t ,  b re a k in g  

l e n g t h ,  f o l d  and d e n s i t y ,  a re  i n  f a c t  s i g n i f i c a n t l y  in c re a s e d  by 

the  a d d i t i o n  o f  f i n e s .  The t e a r i n g  s t r e n g t h  c o n t in u a l l y  d ecreased  

w i th  i n c r e a s i n g  f i n e s  a d d i t io n  s u g g e s t in g  an  in v e r s e  r e l a t i o n s h i p  

betw een  t e a r  and i n t e r f i b e r  bonding  ( th e  a d d i t i o n  o f  f i n e s ) .

A l l  o f  th e  above r e l a t i o n s h i p s  seem to  g e n e r a l l y  ag ree  w ith  

th e  a c c e p te d  re s p o n se  o f  f i b e r s  to  b e a t i n g .  A b e a t in g  tim e curve  f o r  

a ch em ica l  pu lp  p roduces  s t r e n g t h  r e s u l t s  v e ry  s i m i l a r  to  th o se  ob­

t a i n e d  h e r e .  An in c r e a s e  i n  th e  b e a t in g  t im e  in c r e a s e s  th e  f o l d ,
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TABLE IV THE EFFECTS OF THE CONCENTRATION OF FINES ON PAPER PROPERTIES

Vacuum, in  Hg: 0 15

% Fines added: 10 30 50 10 30 50

2
Basis Weight, g/m 78.7 73.6 73.8 70.8 73.8 79.6

Drainage rate, mm/sec 61*. 8 21.9 1.1* 125.0 32.1 2.3

Density, g/cc 0.583 0.61*3 O.63I* 0.551 0.592 0.6U2

Breaking length, m 61*28 811*3 8763 5U21* 6838 7856

Elongation, % 3-7 3.7 3.9 3.6 h. It 2.8

Tensile Energy 
Absorption, joules 0.259 0.3U2 0.133 0.200 0.303 0.126

Burst factor 50.2 61.2 67 .It 1*6.0 57.8 | 59.6

Tear factor 237 15k 107 250 178 113

Fold, M.I.T. 1016 1362 1922 81*2 lh29 252a

Porosity, Gurley,sec 33 697 >86,1*00 18.1 361.0 > 86,a00

N)
VO
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UJdOtld 

H19N3U1S

SO--

8 -

6 ~

5 -

30

I—

Porosity, Gurley, sec x SO

Breaking Length, an 
x SO"3

-2

Burst factor x SO- l

Density, g/cc x SO1

-3Fold, M.I.T. x SO

T.E.A., joules x SO1

Tear Factor x 10-2

3 0  40 50 6 0

«/© F I N E S  A D D E D
FIG. 7 THE EFFECT OF THE CONCENTRATION OF FINES ON THE PROPERTIES OF 

PAPER MADE AT ZERO IN. Hg VACUUM
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b u r s t ,  d e n s i ty  and b re a k in g  l e n g th  and d e c re a se s  th e  a i r  p e r m e a b i l i ty  

and t e a r  o f  p a p e r .

A lthough a m u l t i tu d e  o f  f a c t o r s  u l t i m a t e l y  d e te rm in es  th e  d eg ree  

o f  developm ent o f  a g iven  s t r e n g t h  t e s t ,  th e  in f lu e n c e  o f  the  s u r f a c e  

a r e a  o f  a pulp  i s  co n s id e re d  one o f  th e  most im p o r ta n t .  That b e a t in g  

in c r e a s e s  th e  s u r f a c e  a rea  of a p u lp  i s  a w e l l  known phenomenon and 

i t  i s  g e n e r a l l y  accep ted  t h a t  t h i s  in c r e a s e  in  s u r f a c e  a r e a ,  by way 

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

s p o n s ib le  f o r  th e  changes produced i n  paper s t r e n g t h  p r o p e r t i e s .

The r e s u l t s  found h e re  su g g e s t  t h a t  an in c r e a s e  o f  s u r f a c e  a r e a  o f  

a pu lp  can be o b ta in e d  by add ing  f i n e s  to  a pulp  and t h a t  t h i s  i n ­

c r e a s e  may be as e f f e c t i v e  in  p ro d u c in g  paper s t r e n g t h  as r e f i n i n g .

The f a c t  t h a t  b e a t i n g  and th e  a d d i t i o n  o f  f i n e s  to an unbea ten  chemi­

c a l  pu lp  s i m i l a r l y  in f lu e n c e  th e  i n t e r f i b e r  bonding p r o p e r t i e s  o f  the  

p ape r  seems to  i n d i c a t e  t h a t  th e  d e g re e  o f  s u r f a c e  a re a  developm ent 

o f  a pu lp  i s  th e  prim e c r i t e r i o n  f o r  th e  p ro d u c t io n  o f  i n t e r f i b e r  

bonding  r a t h e r  th a n  the methods used  to  a c h ie v e  t h i s  developm ent. 

However, t h i s  i s  n o t  to  say t h a t  a l l  f i n e s  w i l l  a f f e c t  p aper  i n  th e  

same m anner. The above d i s c u s s io n  a p p l i e s  o n ly  to th e  a d d i t i o n  of 

f i n e s  to  an u n b ea ten  chem ica l p u lp .

The e f f e c t  o f  th e  f in e s  on th e  d r a in a g e  r a t e  was q u i t e  d ra m a t ic .  

T ab le  IV (p .  29) and F igure  9 i n d i c a t e  t h a t  a f i v e - f o l d  i n c r e a s e  in  

th e  i n i t i a l  c o n te n t  o f  f in e s  d e c re a se d  th e  d ra in a g e  r a t e  by a  f a c t o r  

o f  46 , under norm al d ra in a g e  c o n d i t i o n s .  I n c r e a s in g  th e  vacuum to  

15 i n .  Hg f u r t h e r  dec re ase d  th e  d r a in a g e  r a t e  to  a p o in t  where a  s to c k  

w i th  10% f i n e s  d ra in e d  55 tim es f a s t e r  than  a s to c k  w ith  50% f i n e s .
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I t  i s  s u g g e s te d  t h a t  th e  f i n e s  o f  a p u lp  f i l l  i n  the  p o re s  o f  th e  

fo rm ing  web d u r in g  the  fo rm a t io n  p r o c e s s ,  d e c re a s in g  th e  s i z e  o f  

th e  ch a n n e ls  through  which th e  w a te r  must flow , cau s in g  a d e c r e a s e  

i n  th e  d r a in a g e  r a t e .

A lthough th e  d ra in a g e  r a t e  and i t s  r e l a t i o n  to p ap e r  p r o p e r ­

t i e s  w i l l  be  d i s c u s s e d  l a t e r ,  th e  d a t a  p re s e n te d  in  T ab le  IV and 

F ig u re s  7 and 8 su p p o r t  c o n c lu s io n s  t o  be drawn l a t e r  and t h e r e ­

f o r e  m e r i t  a few comments a t  t h i s  t im e .  I t  can be seen  t h a t  an 

i n c r e a s e  i n  th e  vacuum from 0 i n .  to  15 i n .  Hg d e f i n i t e l y  reduced  

th e  i n f l u e n c e  the  f in e s  had on th e  s t r e n g t h  p r o p e r t i e s ,  i . e . ,  th e  

d e n s i t y  was dec re ase d  by 4%, th e  b r e a k in g  le n g th  by 14%, t h e  T.E.A. 

by 14%, th e  b u r s t  f a c t o r  by 8.6% and th e  a i r  p e r m e a b i l i ty  by 48% 

( f i g u r e s  based  on th e  ave rag e  p e r c e n t  d e c re a se  f o r  a l l  t h r e e  con­

c e n t r a t i o n s  o f  f i n e s ) .  I t  i s  f e l t  th e  e x p la n a t io n s  f o r  t h e s e  r e ­

s u l t s  r e v o lv e  around th e  e f f e c t  o f  th e  d ra in a g e  r a t e  on th e  t o t a l  

c o n c e n t r a t i o n  of f in e s  in  th e  p a p e r ,  on th e  fo rm a tio n  o f  th e  p a p e r ,  

o r  on th e  d i s t r i b u t i o n  of th e  f i n e s  th rough  th e  th ic k n e s s  o f  th e  

p a p e r .  In  l a t e r  s e c t i o n s ,  th e  d r a in a g e  r a t e  w i l l  be  d i s c u s s e d  w ith  

r e f e r e n c e  to  th e s e  f a c t o r s .

THE EFFECT OF DRAINAGE RATE ON THE RETENTION OF FINES IN BRITISH
SHEETMOLD PAPER

The s h e e t s  made from 50% f i n e s  and Pulp B were s p l i t  i n t o  fo u r  

l a y e r s  in  o r d e r  to  d e te rm in e  th e  e f f e c t  o f  th e  d ra in a g e  r a t e  on the  

d i s t r i b u t i o n  o f  th e  f i n e s  th ro u g h  th e  th ic k n e s s  o f  the  s h e e t s .  I t  

was hoped t h a t  any r e d i s t r i b u t i o n  of f i n e s  induced by a  change in
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th e  d ra in a g e  r a t e  could accoun t f o r  concom itan t  changes i n  the  

s t r e n g t h  p r o p e r t i e s  o f  th e  p a p e r .

I n  o rd e r  t o  e s t a b l i s h  a  r e l a t i o n s h i p  betw een the  d i s t r i b u t i o n  

of f i n e s  and t h e i r  in f lu e n c e  on p ap er  p r o p e r t i e s ,  th e  t o t a l  c o n te n t  

o f  f i n e s  i n  th e  s h e e t s  shou ld  be  the  same. T h is  req u ire m en t  was 

based  on p re v io u s  r e s u l t s  (See F ig u re s  7 and 8) which c l e a r l y  

dem onstra ted  t h a t  th e  c o n c e n t r a t i o n  o f  f i n e s  can have a s u b s t a n t i a l  

e f f e c t  on a number of s t r e n g t h  p r o p e r t i e s .  T ab le  V summarizes th e  

e f f e c t  o f  th e  d r a in a g e  r a t e  on the  r e t e n t i o n  of th e  f i n e s  In  th e  

s h e e t s  t h a t  w ere s p l i t .  A lthough d o u b l in g  th e  d r a in a g e  r a t e  from 

1 .4  mm/sec to  2 .7  mm/sec in c re a s e d  th e  o v e r - a l l  r e t e n t i o n  by 6.4%, 

th e  a c t u a l  r e t e n t i o n  of f i n e s  d e c re a se d  by 6.0%. I t  can a l s o  be  

seen  t h a t  as th e  d ra in a g e  r a t e  was i n c r e a s e d ,  th e  s t r u c t u r e  o f  th e  

p ap e r  was somewhat a l t e r e d  w i th  r e g a rd  to  th e  r a t i o  o f  i t s  f ib r o u s  

e le m e n ts .  The r a t i o  of th e  long  t o  s h o r t  f i b e r s  ( f i n e s )  showed a 

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

A lso ,  the  o v e r - a l l  r e t e n t i o n  o f  f i b e r s  in c r e a s e d  w i th  i n c r e a s in g  

d ra in a g e  r a t e .  T h is  cou ld  be  e x p la in e d  by c o n s id e r in g  the i n t e r ­

a c t i o n  o f  th e  f i b e r s  i n  th e  form ing zone. When th e  fo rm a tio n  

p ro c e s s  b e g i n s , th e  descend ing  f i b e r s  become e n ta n g le d  in  th e  zone 

d i r e c t l y  above th e  w i r e .  Those f i b e r s  which do n o t  become e n ta n g le d  

p ass  th rough  t h e  netw ork and the  w i r e .  As more f i b e r s  descend i n t o  

th e  zone, a w et web o f  f i b e r s  b e g in s  to  c o n s o l i d a t e  a l lo w in g  fewer 

and few er f i b e r s  to  escape  from th e  sy s tem . E v e n tu a l ly ,  the  wet 

web becomes so  compact t h a t  i t  i s  e s s e n t i a l l y  im perv ious to  a l l
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TABLE V THE EFFECT OF THE DRAINAGE RATE ON THE FIBROUS STRUCTURE OF PAPER

Drainage '•‘ate, Over-all 
mm/sec Retention,

I n it ia l  Fines 
% Content, %

Final FU.nes 
Content, %

Fines
Retention,

Final Ratio:
% Fiber/Fines

2.7 7h.$ $1.0 31.0 60.8 2.23

2.3 7U.3 5t>.5 31.6 62.6 2.16

l.U  70.0 $0.2 32.5 6U.7 2.08
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b u t  th e  s m a l l e s t  o f  th e  f ib r o u s  p a r t i c l e s .  The f i n e s  and o th e r  sm all  

f i b e r  p ie c e s  a r e  r e t a i n e d  i f  they become e n t ra p p e d  b o th  between and 

a t  th e  i n t e r s e c t i o n  of f i b e r s .

I f  the  r a t e  o f  w a te r  removal in  the  above sy s tem  was in c re a s e d ,  

s e v e r a l  changes i n  th e  system  could  o ccu r .  F i r s t ,  the  f i b e r s  would 

very  l i k e l y  be d e p o s i t e d  i n  the  forming zone a t  a f a s t e r  r a t e  than 

in  the p re v io u s  s i t u a t i o n ,  e s t a b l i s h i n g  a wet web i n  a s h o r t e r  p e r io d  

of tim e and r e s u l t i n g  in  the  r e t e n t i o n  of more f i b e r .  Secondly , the

v e l o c i t y  o f  the  w a te r  p a s s in g  th rough  th e  wet web and the  w ire  would

v i- "  \ s,
be g r e a t e r .  S in ce  th e  wet web i s  never  c o m p le te ly  im perv ious  to  

th e  s m a l le r  f i b r o u s  p a r t i c l e s ,  th e  v e l o c i t y  o f  th e  w a te r  cou ld  have 

a pronounced e f f e c t  on the  amount o f  f i n e s  washed from th e  system .

I f  th e  fo rc e  o f  th e  w a te r  exceeds the  energy  b in d in g  th e  f i n e s  to  

th e  f ib r o u s  n e tw ork ,  th e  f in e s  could  be d is lo d g e d  and washed from 

th e  system .

In  such a m anner, s u f f i c i e n t  in c r e a s e s  i n  th e  d r a in a g e  r a t e  

cou ld  cause  s e l e c t i v e  r e t e n t i o n  o f  the  lo n g e r  f i b e r  f r a c t i o n s  a t  

th e  expense o f  th e  f i n e s  and produce paper t h a t  i s  s t r u c t u r a l l y  

d i f f e r e n t  than  p ap e r  made a t  lower d ra in a g e  r a t e s . In  t h i s  ex­

p e r im en t , th e  i n c r e a s e  i n  th e  d ra in a g e  r a t e  was g r e a t  enough to  

e f f e c t  on ly  a s m a l l  b u t  c o n s i s t e n t  d i f f e r e n c e  i n  the  f i n a l  con­

t e n t  o f  f i n e s  in  th e  s h e e t s .  The r e s u l t s  s u g g e s t ,  how ever, t h a t  

g r e a t e r  lo s s e s  o f  f i n e s  would be g e n e ra te d  by f u r t h e r  in c r e a s e s  

i n  th e  d ra in a g e  r a t e .
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THE EFFECT OF DRAINAGE RATE ON THE DISTRIBUTION OF FINES IN BRITISH

SHEETMOLD PAPER

As i n d i c a t e d  in  T ab le  VI and F ig u re  10 , h ig h e r  d ra in a g e  r a t e s  

g e n e r a l l y  tended  to  ag g rav a te  tw o -s id e d n e s s  in  paper hav ing  an 

i n i t i a l  f i n e s  c o n te n t  o f  50%. The s h e e t s  were made under norm al 

d r a in a g e  c o n d i t io n s  (0 i n .  Hg vacuum) showed a r a t h e r  un iform  d i s ­

t r i b u t i o n  o f  f i n e s ,  a l though  th e  top  s id e  had a s l i g h t l y  h ig h e r  

c o n c e n t r a t i o n  o f  f in e s  than  th e  o th e r  t h r e e  l a y e r s .  As th e  d r a i n ­

age r a t e  was in c r e a s e d ,  th e  f i n e s  were d e f i n i t e l y  d i s t r i b u t e d  more 

uneven ly  th ro u g h o u t  the  th ic k n e s s  of the  s h e e t s . A lthough t h i s  

p a t t e r n  was g e n e r a l l y  t r u e  fo r  th e  t o t a l  th i c k n e s s  o f  th e  s h e e t s ,  

the  e f f e c t  of th e  d ra in a g e  r a t e  on th e  i n d i v i d u a l  la y e r s  was n o t  

as a p p a r e n t .  F ig u re  11 g iv e s  a c l e a r e r  p i c t u r e  as  to  how th e  fo u r  

l a y e r s  w ere a f f e c t e d  by th e  d ra in a g e  r a t e .  The f in e s  i n  th e  top  

two l a y e r s  (T^ and T ^  e x h ib i t e d  no d e f i n i t e  t re n d  w ith  d r a in a g e  

r a t e  i n c r e a s e s  a l th o u g h  one m ight i n t e r p r e t  the sudden upward 

s h i f t  o f  th e  f i n e s  to  th e  T^ l a y e r  as a " t r a p p in g "  e f f e c t  p roduced  

by f a s t e r  web fo rm a t io n .  The e f f e c t  o f  th e  d ra in a g e  r a t e  on the  

w ire  l a y e r s  (W-̂  and W w a s  much more n o t i c e a b l e - a s  the  c o n c e n t r a ­

t i o n  o f  f i n e s  i n  th e se  la y e r s  was s u b s t a n t i a l l y  d ec re a se d  w i th  

d r a in a g e  r a t e  i n c r e a s e s .  The l o s s  o f  f i n e s  was most pronounced 

in  th e  ex trem e w ire  l a y e r  (W^).

The p a t t e r n  o f  th e  f in e s  d i s t r i b u t i o n ,  as d e p ic te d  by F ig u re  10, 

seems to  comply q u i t e  w e l l  w i th  th e  d i s c u s s io n  of the  p re v io u s  s e c ­

t i o n  co n c e rn in g  th e  e f f e c t  o f  th e  r a t e  o f  fo rm atio n  on s h e e t  s t r u c t u r e .
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TABLE VI THE EFFECT OF DRAINAGE RATE ON THE DISTRIBUTION OF FINES 
IN BRITISH SHEETMOLD PAFER. SUMMARY OF THE SHEET SPLIT­
TING DATA.

Drainage 
Rate, mm/sec

Weight of Layei} 
Percent of Total

Brightness, 
% I.P.C.

Fines 
Content, %

T1 39.2 33.2 36.0

T2 i s . a 37.8 32.0
l.hit

w2 i a . 3 3^.6 32.7

W1
28.1 35.9 33.6

T1 a i . i 35.5 3it.O

T2 19.7 35.7 33.9
2.2?

w2 16.2 ^2.3 29.0

22.7 39.6 31.0

T1 35-6 32.2 37.0

l 2 16.8 37-3 32.8
2.72

w2 21.5 aa.3 27.8

wx 26.1 U6.2 26. a
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As was m entioned th e n ,  th e  time r e q u i r e d  f o r  th e  wet web to  c o n s o l i ­

d a t e  depended on th e  c o n c e n t r a t i o n  o f  f i b e r s  i n  th e  forming zone 

which in  t u r n  depended on the  d ra in a g e  r a t e .  When c o n s id e r in g  th e  

ca se  o f  p ap e r  made u nder  norm al d ra in a g e  c o n d i t io n s  (0 i n .  Hg vacuum), 

the  fo l lo w in g  mechanism seems a p p l i c a b l e .  F ib e r s  descend i n t o  the  

forming zone ,  become e n ta n g le d ,  and a ne tw ork  b e g in s  to  form. Dur­

in g  t h i s  t im e  a l a r g e  p r o p o r t io n  of f i n e s  and s h o r t e r  f i b e r s  have 

p robab ly  been  a b le  to  work t h e i r  way th ro u g h  th e  porous network 

and the  w i r e .  As t im e  p ro c e e d s ,  the  d e n s i t y  o f  th e  network in c r e a s e s  

r e s u l t i n g  i n  th e  r e t e n t i o n  of more f i b e r s  and f i n e s .  As the  f i n e s  

a re  washed from th e  w i r e  l a y e r s ,  f in e s  from th e  upper la y e r s  s i f t  

downward to  r e p l a c e  them . S ince th e  w et web i s  p robab ly  neve r  com­

p l e t e l y  im perv ious  to  f i n e s ,  a f a c to r  c o n t r o l l i n g  th e  r e t e n t i o n  o f  

f i n e s  in  th e  w ire  l a y e r s  d u r in g  th e  l a t e r  s t a g e s  o f  the fo rm atio n  

p ro c e ss  cou ld  be  th e  v e l o c i t y  o f  th e  w a te r  p a s s in g  through  th e  web.

In  t h i s  c a s e ,  how ever, th e  energy p o s se s s e d  by th e  d e p a r t in g  w a te r  

was n o t  g r e a t  enough to  remove th e  f i n e s  from th e  w ire  l a y e r s . The 

above p ro c e s s  sh o u ld  r e s u l t  in  a c o n t in u a l  s h i f t  of f in e s  downward 

and out of th e  s h e e t .  As such ,  th e  l o s s  o f  f i n e s  may be g r e a t  b u t  

t h e i r  d i s t r i b u t i o n  th ro u g h  th e  c ro s s  s e c t i o n  of th e  paper  shou ld  

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

In  th e  case  of th e  h ig h  d ra in a g e  r a t e s ,  a dense  f i b e r  netw ork  

would form much f a s t e r  th a n  a t  low r a t e s ,  a l lo w in g  fewer f i b e r s  

and f in e s  t o  p a ss  th ro u g h  the  web. Because th e  f i b e r s  and f in e s  

would be f ix e d  more r i g i d l y  i n t o  p o s i t i o n  w i th i n  the  web, t h e r e  

would be l e s s  tendency  f o r  the  f in e s  i n  th e  top  la y e r s  to  m ig ra te
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downward as was th e  case  in  th e  p ap e r  made under s lo w er  d ra in a g e  

c o n d i t io n s .  However, the  v e l o c i t y  of the  w a te r  co u ld  be g r e a t  

enough a t  h ig h  d ra in a g e  r a t e s  t o  d is lo d g e  the  f in e s  from the  w ire  

la y e r s  because  o f  t h e i r  p ro x im ity  to  the  w i r e .  T hus, i n  c o n t r a s t  

to  the  p re v io u s  exam ple, p ap e r  made under in c re a s e d  r a t e s  o f  forma­

t io n  m a n i f e s ts  an uneven d i s t r i b u t i o n  of f i n e s .

THE EFFECT OF DRAINAGE RATE ON PAPER PROPERTIES

The in f lu e n c e  o f  th e  d r a in a g e  r a t e  on the p r o p e r t i e s  of paper 

i s  shown in  T ab le  VII and F ig u re  12. The a n a ly s i s  o f  v a r i a n c e  and 

s ta n d a rd  d e v i a t i o n  d a t a  f o r  th e s e  r e s u l t s  can be found i n  Appendixes 

V and VI. F ig u re  12 in c lu d e s  o n ly  th o se  p r o p e r t i e s  t h a t  were s i g n i ­

f i c a n t l y  e f f e c t e d  by the  d r a in a g e  r a t e  ( a t  th e  99% c o n f id e n c e  l e v e l ) .

In th e  paper  made from 30% f i n e s  the  b re a k in g  l e n g th ,  t e n s i l e  energy 

a b s o r p t io n ,  d e n s i ty  and a i r  p e r m e a b i l i ty  were s u b s t a n t i a l l y  de­

c rea sed  by a f i v e  t o  s i x  fo ld  i n c r e a s e  i n  the  d ra in a g e  r a t e ,  w h ile  

the t e a r  was in c r e a s e d .  A lthough T ab le  VII i n d i c a t e s  t h a t  i n ­

c re a se d  d ra in a g e  r a t e s  p roduce  somewhat th e  same e f f e c t s  on paper 

made w ith  a h ig h e r  c o n c e n t r a t i o n  of f in e s  (50%), th e  d e g re e  o f  i n ­

f lu e n c e  was g r e a t l y  red u ce d .  The on ly  p r o p e r ty  t h a t  was s i g n i f i ­

c a n t ly  e f f e c t e d  by th e  d r a in a g e  r a t e  was th e  e lo n g a t io n .  T h is  

phenomenon cou ld  be e x p la in e d  by exam ining th e  e f f e c t  o f  th e  con­

c e n t r a t i o n  o f  f i n e s  on th e  d r a in a g e  r a t e .  As the  sh ee tm o ld  vacuum 

was in c re a s e d  from 0 to  25 i n .  Hg, th e  d ra in a g e  r a t e  o f  th e  pu lp  

w ith  30% f i n e s  was in c r e a s e d  by 470% w h ile  th e  d r a in a g e  r a t e  o f  

th e  pu lp  w i th  50% f i n e s  was in c r e a s e d  by only  93%. A ls o , th e
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TABLE V II THE EFFECT OF THE DRAINAGE RATE ON PAPER PROPERTIES

1
% Fines Added: 30 So

Vacuum, in . Hg: 0 15 25 0 15 25

Drainage rate, mm/sec: 21.9 32.1 125.0 1.1* 2.3 2.7

2
Basis weight, g/m 7 3.6 73.8 68.9 73.8 79.6 76.1

Density, g/cc 0.6k3 0.592 0.619 0.631* 0.61*2 0.686

Breaking length, m 811*3 6838 6762 8763 7856 8001

Elongation, % l*.l l*.l* i*.3 3.9 2.8 l*.l

Tensile Energy 
Absorption, joules 0.31*2 0.303 0.261* 0.133 0.126 0.135

Burst factor 61.2 57.8 57.1 67.1* 59.6 59.6

Tear factor 151* 178 182 107 113 117

Fold, M.I.T. 1362 11*29 1257 1922 2521* 1951

Porosity, Gurley, sec 697 361 51 a l l  greater than 86,1*00
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pulp  c o n ta in in g  30% f i n e s  d r a in e d  ap p ro x im a te ly  30 tim es  as f a s t  

as th e  pu lp  w i th  50% f i n e s  (based  on th e  a v e ra g e  d ra in a g e  r a t e  f o r  

a l l  vacuum s). E v id e n t ly  th e  i n c r e a s e  i n  th e  d ra in a g e  r a t e  was n o t  

g r e a t  enough to  s u b s t a n t i a l l y  change the  p r o p e r t i e s  of paper made 

from 50% f i n e s .  C onseq u en tly ,  i t  can be s a id  t h a t  th e  e f f e c t  o f  

th e  d ra in a g e  r a t e  on p ap e r  p r o p e r t i e s  i s  p r im a r i ly  c o n t r o l l e d  by 

th e  i n i t i a l  s u r f a c e  a r e a  o f  th e  p u lp .
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SUMMARY AND CONCLUSIONS

The f i n e s  o f  a h ig h ly  b e a t e n  softwood k r a f t  pu lp  made a  v e ry  

m ajor c o n t r i b u t i o n  to  th e  developm ent of p aper  p r o p e r t i e s  when 

added to  an unbea ten  softwood k r a f t  p u lp .  With th e  e x c e p t io n  of 

th e  t e a r ,  m ost of th e  s t r e n g t h  p r o p e r t i e s ,  i . e .  the  b re a k in g  

l e n g th ,  b u r s t ,  d e n s i t y  and f o l d ,  w ere in c re a s e d  by the  a d d i t io n  

o f  f i n e s .  The a i r  p e r m e a b i l i ty  o f  paper was found to  d e c re a se  

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

mined to  be  th e  p aper  p ro p e r ty  most s e n s i t i v e  to  th e  c o n te n t  of 

f i n e s .  At th e  same tim e, how ever, th e  d ra in a g e  r a t e  o f  the  pu lp  

was c o n s id e ra b ly  reduced  by an i n c r e a s e  in  the c o n c e n t r a t i o n  o f  

f i n e s .  T h e r e f o r e ,  any r e a l  g a in  i n  paper s t r e n g t h  o b ta in e d  by 

th e  a d d i t i o n  of f i n e s  to  a sy s tem  would have to  be b a lan ced  

a g a i n s t  th e  s im u ltan eo u s  d e c r e a s e  i n  th e  d ra in a g e  r a t e .

By a p p ly in g  a vacuum to  th e  B r i t i s h  shee tm old  system  the  

d r a in a g e  r a t e  was in c r e a s e d .  R e l a t i v e l y  sm a l l  in c r e a s e s  in  th e  

d r a in a g e  r a t e  were found to  i n c r e a s e  th e  o v e r - a l l  r e t e n t i o n  o f  

f i b e r s  w h i le  s l i g h t l y  d e c r e a s in g  th e  r a t i o  o f  f i n e s  to  long f i b e r s .  

The in c r e a s e d  d ra in a g e  r a t e s  a l s o  se rv e d  to  r e l o c a t e  th e  f in e s  

th ro u g h  th e  th ic k n e s s  o f  th e  p ap e r  to  a more uneven d i s t r i b u t i o n ,  

w i th  th e  f i n e s  c o n c e n t r a t in g  i n  th e  top la y e r  and b e in g  removed 

from th e  w ire  l a y e r .

The p r o p e r t i e s  o f  paper  w ere  s i g n i f i c a n t l y  a f f e c t e d  by changes 

i n  th e  d r a in a g e  r a t e  i f  th e  changes were o f  a g r e a t  enough m agn itude .

47
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In  t u r n ,  th e  m agnitude  o f  th e  d ra in a g e  r a t e  change was found to  de­

pend upon th e  c o n c e n t r a t i o n  o f  f i n e s  i n  th e  p u lp .  In  a pu lp  c o n ta in ­

ing  50% f i n e s ,  th e  d ra in a g e  was reduced  t o  such  an e x t e n t  t h a t  an 

a p p l ie d  vacuum had  a  r e l a t i v e l y  minor e f f e c t  on f u r t h e r  changing  th e  

d ra in a g e  r a t e .  By d e c re a s in g  th e  c o n c e n t r a t i o n  o f  f in e s  in  the  pulp 

to  30%, a  f i v e  t o  s i x  fo ld  i n c r e a s e  in  th e  d r a in a g e  r a t e  was o b ta in ed  

which s e rv e d  to  i n c r e a s e  the  t e a r  of th e  p ap e r  w h i le  d e c re a s in g  th e  

b re a k in g  l e n g th ,  d e n s i t y ,  a i r  p e r m e a b i l i ty  and t e n s i l e  energy  ab so rp ­

t i o n .  These r e s u l t s  were e x p la in e d  by th e  e f f e c t  of the  d ra in a g e  

r a t e  on th e  f i n e s / l o n g  f i b e r  r a t i o  and th e  d i s t r i b u t i o n  o f  f in e s

through the  c ro s s  s e c t i o n  of p a p e r .

To sum m arize, th e  a d d i t io n  of f i n e s  to  a chem ica l pu lp  produced 

e f f e c t s  n o t  u n l i k e  th o s e  produced by b e a t i n g .  F in es  c o n ta in  a l a rg e  

amount o f  s u r f a c e  a r e a  p e r  u n i t  w e ig h t  and t h e r e f o r e  a r e  q u i t e  e f f e c ­

t i v e  i n  p rod u c in g  i n t e r f i b e r  bonds and s t r e n g t h  in c r e a s e s  i n  p a p e r . 

F ines a r e  a l s o  m ost e f f e c t i v e  i n  re d u c in g  th e  d ra in a g e  r a t e .  I t  may 

be p o s s i b l e ,  how ever, t h a t  fo r  a g iven  s e t  o f  s t r e n g t h  t e s t  d a ta ,  

the  d ra in a g e  r a t e  may be  more a d v e r s e ly  e f f e c t e d  by b e a t in g  a pulp 

than  by th e  a d d i t i o n  o f  f in e s  to  the  p u lp .  T here  was a l s o  ev idence

th a t  f i n e s  can c o n t r i b u t e  more e f f e c t i v e l y  to  in c r e a s e s  i n  th e

s t r e n g t h  o f  paper i f  they  a r e  d i s t r i b u t e d  more u n ifo rm ly  th rough  

the th ic k n e s s  o f  th e  p ap e r .
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APPENDIX I

SUMMARY OF THE FIBER LENGTH ANALYSIS FOR PULPS A AND B

No. Ave.
S iz e , mm Frequency Fiber Length, mm Number, %

Pulp A Pulp B Pulp A Pulp B Pulp A Pulp B

o .3 - i .o 11 33 0.92 0.86 5.5 15.5

l . o - i . 5 25 32 1.32 1.28 12.5 15.1

1 .3-2 .0 33 39 1.76 1.80 16.5 l8 .k

2.0 -2 .3 22 29 2.30 2 .3k 11.0 13.7

2.3-3 .0 30 33 2.76 2.81 15.0 15.6

3.0-3.5 32 15 3.30 3.29 16.0 7.1

3.3-U.o 2 19 3.80 3.71 10.5 9.0

it.o-it.5 18 8 ii.27 it. 31 9.0 3.8

it. 3-3.0 3 2 1 rn<\U. (U it. 70 1.5 0.9

3 .0-3 .3 2 2 5.25 5.30 1.0 0.9

3o3-6.o 2 - 5.75 - 1.0 -

6 .0—6.3 1 - 6.50 - o.5 -

200 212 100.0 100.0

Arithm etic Ave. F iber Length: Pulp A 2.69 mm
Pulp B 2 .2 k  mm

Weighted Ave. Fiber Length: Pulp A 3.18 mm
Pulp B 2.73 mm
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PHOTOGRAPHS OF THE LONG FIBERS SHOWING THE UNDEVELOPED NATURE
OF THEIR SURFACE

Pulp A (Dyed) Mag. 75X
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Pulp B Mag. 300X
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PHOTOGRAPHS OF FINES SHOWING THEIR HIGHLY DEVELOPED SURFACE AND
LACK OF FIBER STRUCTURE

J S

Polarized l ig h t  Mag. l^OX
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APPENDIX IV
5 6

ANALYSIS OF VARIANCE DATA FOR THE EFFECT OF THE PERCENT FINES ON
PAPER PROPERTIES

Vacuum, in . Hg: 0 15

Fines Added, %: 10, 30, 50 10, 30, 50

dfa F Values df F Values
Density, g/cc 2,3h Cal.

99% 5.30b
2,30 Cal. 36.2 

99% 5.39

Breaking length, m 2,23 Cal.
99%

38.3
5.66

2,25 Cal. 3h.5
99% 5-57

Tear factor 2,2)4 Cal.
99%

765
5 . 6l

2,23 Cal. 503
99% 5*66

Burst factor 2,5b Cal.
99%

1*6.8
5.08

2, hi* Cal. 2h.5 
99% 5.15

Fold, M.I.T 2,19 Cal.
99%

2U.9
5-93

2,17 Cal. 21.1
99% 6.11

Elongation, % 2,23 Cal.
99%

1.52
5.66

2,21 Cal. 25.5 
99% 5.78

Tensile Energy 
Absorption, joules 2,22 Cal.

99%
5U.0
5.72

2,23 Cal. 61.2 
99% 5.66

a . Degrees o f  Freedom
b. F values from standard ta b les  a t  99% confidence le v e l
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ANALYSIS OF VARIANCE DATA FOR THE EFFECT OF THE DRAINAGE RATE ON
PAPER PROPERTIES

Fines Added, %'. 30 50

Vacuum, in . Hg: o, 15, 25 0 , 15, 25

a
df F Values df F Values

Density, g/cc 2,30 Cal.
99%

7.20b
5.39

2,25 Cal. 5.16
99% 5.57 
9$% 3.39°

Breaking length, m 2,26 Cal.
99%

30.0
5.53

2,23 Cal. 2.31 
99% 5.66 
952 3 . 1*2

Tear factor 2,22 Cal.
99%

21.5
5.72

2,21 Cal. 5.53 
99% 5.78 
952 3.1*7

Burst factor 2,51 Cal.
99%

3-1*2
5.07

2,27 Cal. Lull*
992 5.1*9 
952 3-35

Fold, M .I.T . 2,22 Cal.
99%

0.75
5.72

2,13 Cal. 2.20 
992 6.70 
952 3.81

Elongation, % 2,25 Cal.
99%

0.90
5.57

2,18 Cal. 13.3 
992 6.01 
952 3.55

Tensile Energy 
Absorption, joules 2,25 Cal.

99%
5.81*
5.57

2,19 Cal. 0.23  
992 5.93 
952 3.52

Porosity, Gurley, sec 2,22 Cal.
99%

78.3
5.72

C a l . ------
992 ------
952 -----

a. D egrees of freedom
b. F values from standard tables at 992 confidence lev e l
c. F values from standard tables at 95% confidence lev e l
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APPENDIX V I

STANDARD DEVIATION DATA FOR THE EFFECT OF THE PERCENT FINES AND DRAINAGE RATE ON PAPER PROPERTIES

Vacuum, in .  Hg: 0 15 25

Fines Added, %: 10 30 50 10 30 5b 30 50

D ensity , g /cc 0.020 0.020 0.051 0.0214 0.016 0.028 0.01*0 0.038

Rreaking len gth , m IthU. 3 U50.1 709.5 211.0 330.8 899.5 1*70.6 870.1

Tear fa c to r 7.85 6.79 3.78 10.62 8.06 6.72 12.68 7.16

Burst fa c to r 3.57 5.20 6.66 5.11 1*.88 8.1*7 5-18 5.U2

Fold, M .I.T. l% .h 252.7 200.3 181.7 251.0 722.9 295.U 31*6.8

E longation , % 0.28 0.1*1* 0.62 0.16 0.1*6 0.29 0.1*0 0.37

T en sile  Energy 
Absorption, jo u les 0.028 0.01*7 0.027 0.180 0.0l*3 0.029 0.01*7 0.021

P orosity , Gurley, sec 3-00 103.1 ------ 5.07 115.5 — 12.1*9

Drainage Time, sec O.ll* 0.83 19.7 0.02 1.00 9.70 9.12 10.2
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