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F I L m T I O N  .ANI EICPRESSION OF SEW.(IGE SLUDGE 

E . J .  La H e i j ,  A .  Herwi jn ,  J Coumans and P.J.A.M. Kerkhof.  

3epar:ment 9f C.?emlcal E n g m e e r m q ,  Zdboracory  f o r  C.$emlcal ? r o c e s s  Technology,  FT-.,al, 

5600  .YB. 2 . 0 .  90x 5 ; 3 ,  Zmdhoven Y n l v e r s ~ t y  a f  l e c h n o l o g y ,  Z ~ n d h o v e n ,  The .VetiierLands. 

' i l t r a t i o n  and e x p r e s s i o n  b e h a v l o u r  o f  sewage s l u d q e s  a r e  s t u d i e d  i i i t h  b a t c h w r s e  f i l t r a t i -  

a n j e x p r e s s i o n  equrpment and r h e  c o m p r e s s l o n - ~ r m e a b i l i t y  c e l l .  3 e c a u s e  t h e r e  are T r o s r t y  

q r a d i e n t s  Ln 'he f i l t e r  c a k e  ; inlch change c o n u u o u s l y  d u r i n g  rlme. f l o u  r a r e  e q a t r o n s .  

i t r e s s  b a l a n c e s .  c o n s t i : u r ~ - r e  e q u a t x n s  and zancmui t - f  e q u a t l o n s  a r e  ueed t o  model :he 
s: . _ , , r a t ron -  . -  and e x p r e s s ~ o n  pnase .  "e f i l t r a r ~ o n -  and e x p r e s s r o n  3 n a s e  a r e  model led  i<r th  

a i a s t i c  marerral d e f o r m a t i o n  and compared ,wzrh exp?r lments .  

h- d r  b rochemrca l  t r e a t m e n t .  sewaqe a l u d q e  

needs  t o  b e  dewa te red .  Mos t ly  t h e  dewa te red  

s l u d q e  is u s e d  d i r e c t l y  f o r  a q r l c u l t u r e .  

aowever due  :o s e v e r e  l e g r s l a t l o n  i c c i n e r -  

z c i o n  L S  more and more demanded. Thac means 

:o r e d u c e  e n e r g ï  c o s t s ,  i: i s  i e s r r a b l e  t 0  

remove = h e  maxmum f e a s r h l e  amount 9- :Re 

i e w a t e r l n q  s t a g e s .  The i e w a t e r m q  s t a g e s  

a r e  f i l t r a t i o n  and e x p r e s s r o n  ï h i c h  are 

norma1:y c a r r ~ e d  o u t  m f i l t e r  p r e s s e s  and 

b e l t  p r e s s e a  and t o  some e x t e n t  d e c a n t e r  

c e n t r i f u g e s .  F i n a l  a v e r a g e  d r y  s o l i d s  con- 

t e n t s  a re  a b o u t  25-35 .&% f o r  f i l t e r  

p r e s s e s  and 16-24 u:% f o r  b e l t  ? r e s s e s .  

These d a t a  ~ n c l u d e  f l o c c u i a n t s .  ? L o c c , ~ l a n t s  

a r -  ~ s e d  t o  m p r o v e  i n e  3 e w a t e r x q  i e n a v -  

~ o u r .  :n t h e  NetherLands  moscl,{ TeC:, Ln 

comornat ion  i i l t h  Ca(OH): f o r  f i l t e r  ? r e s s e 5  

3nd h r q n l y  ca t ;onogen ic  2olymers  f o r  b e l t  

? r e s s e s  a r e  used .  Gecr;nq more Lnsiqh: n t o  

r h e  ? h y s l c a ì  and phys l co -cnemrca l  ? r a c e s s e s  

;nvolved i n  'hese s ì u d q e  dewater -nq  3ro-  

i e s s e s  c a n  n e l ?  :o xnpro.ie t h e  d e w a t e r l n g  

c h a r a c t e r r s t i c s  ? f  e x l s t i n g  t e c h n l q u e s .  A 

s t s d y  of  fundamenta i  a s p e c t s  of s l u d q e  

i ewa te r -ng  is c a r r l e d  o u r  a t  o u r  iaDora- 

co ry ,  u r t h i n  t h e  i a r g e r  Ourch r e s e a r c h  pro- 

---------- 
2;ndhoven 7 n r v e r s ~ : y  ~ f  T e c h n o l o q ,  

3 ~ c a h o v e n .  The XetherLands .  

3ram e n r i t l e d  " P u t u r e  T r e a m e n t  f o r  X u n i c i p a l  

siastre Water, RWZ: 2000". H a t h e m a t i c a l  

s o d e l l u i q  and  d e v e l o p ~ n q  d e s l g n  and 

o p t i m i z a t i o n  niles cif p r o c e s a  c o n d i t i o n s  is o f  

g r e a t  Imporcance t o  m d e r s t a n d  fundamenta l  

a s p e c r s  and  :o p r e d i c r  f i n a l  a v e r a q e  3 o r o s r -  

=;es ( f i n a l  d r y  s o l l d s  c o n t e n t s )  and  dewater -  

Lnq Eimes. 70 s m u l a r e  t h e  f i l t r a t i o n  and ex- 

p r e s s l o n  3 p e r a r l o n s  re  used  a  compress lon-per -  

m e k b r l i t . (  (C-P) c e l 1  c o  o b t a i n  p e r m e a n i l i t l e s  

and c o m p r e s s r b i l i t y  c o e f f i c i e n t s .  Numerical  

c a l c u l a t ~ o n s  based  on t h e s e  v a l u e s  a r e  t h e n  

compared w i t h  b a t c h w r s e  f i l t r a t r o n / d r a i n a g e  

and e x p r e s s i o n  e x p e r i m e n t s .  

3ESCZIPTION O F  T E  TILTPATION- AND ZXPRESSION 

?OOCESS 

:O model t h e  f i l t r a t ~ o n -  and e x p r e s s r o n  beha- 

. r rour  of  sewaqe s l u d q e ,  a t t e n t i o n  must  S e  fo- 

cused  on  Flou  rh rougn  c o m p r e s s l b l e  ~ a k e s .  The- 

r e f o r e  .de need f low r a t e  e q u a t i o n s ,  s t r e s s  

b a l a n c e s ,  c o n s t i t u t r . , e  e q u a t i o n s  and  con t rnu -  

;:-f e q u a t i a n s .  Tor :he f l o u  r a t e  e q u a t z o n  :he 

Darc.{-Shzrato e r p a t i o n  is u s e d  whrch t a k e s  

Fnto  a c c o u n t  t h a t  t h e r e  is a l s 0  s o l i d s  move- 

ment. The c o n s t i t u t i v e  e q u a t i o n s  d e s c r i b e  :he 

r e l a t i o n  between p o r o s i t y ,  s p e c i f i c  cake  r e s -  

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

Copyr rgh tu  Z . ; .  La Hel; ,  Zrndhoven 3 n r 3 ? e r s r t y  

a f  TecnnoLoqy, "UIlPUBLiSHED". 



x n e r e  
. . = l oca ;  p r o s r t y ,  . - J  

I. = l o c a l  p e r s e m r l ~ r y ,  [@i 

?. X = c o r n p r e s s ~ v e  ? r e s s u r e .  ! ? a )  

P. = c o n s r a n r ,  [ ? a  j 

1.6 = c o r n p r e s s r b r l ~ t y  c o e f f i c i e n r s .  i - !  

and :h a r e  :ne p r o s r r y  and ? e r m e a D i l r t y  

respecc ; ïe i ' (  a t  z e r o  csrnpressrve p r e s s u r e  

?,=O. These  r e i a t - o n s  a r e  d e r e r n r n e d  ~ r r t n  

:he C-?  i e l l .  

Comoinat;on 3f = ie  :?GW r a c e  e q u a t l o n ,  r h e  

s t r e s s  b a l a n c e ,  t h e  constrtur:le e q u a t r o n s  

and r h e  c0nt;nurr . i  equat;ons Leads c o  'he 

f o l l o w r n g  p a r r r a l  d i f f e r e n t i a 1  e q u a t r c n  

( c invec : lon -d i f fus ron  :;ipeI'' , wn2c.i ies- 

c r r b e s  che change  of >he p r o s i t y  ;n :;me 

. i p l a c e  :n a f i l t e r  Cake: 

i a s e d  3r n o c - i i n e n s r o n a i  z o o r d i n a r e s  1s 

needed.  ? ~ : r r a t ; z n  2s 3 3 r 3 c e s s  'dnere a cake  

i u ~ L d s  ~ p ,  re :?,eroEire xeea  3 z o v r n q  Jound- 

ar- condr:ron. I f  i e  ?ave a  z a k e  .xnich LS 

i r a r n e d  v r r h  f ' u l a .  .de za;: -t d r a r n a q e  and ue  
. - .  

may znange  equat;an , x t o  a  s o l ~ d s  baaed  

z o o r d i n a r e  d: 

? r a n s f o r m a t r o n  3 f  e -ar lon  : 3 ]  =co a s o l i d s  

a a s e d  c o o r d m a c e  i n d  f o i d  r a r r o  e lc lc.)  l e a d s  

d r t h  r n r t z a l  z o n d l r z c n  f o r  f r i t r a t r o n :  

e = e, at : = l  

i o u n d a r y  c o n d i t ~ o n s  i o r  f i l r r a t r o n :  

e = o, at ul = W- : > O  

wnere  

:k = pennemr l : ry  fz; termedium. [ m  ] 

Ix = t h r c k n e s s  f l l t e r n e d r u m .  : m l  

?,,--O = c o m p r e s s ~ v e  p r e s s u r e  a r  f i l t e r m e d i u m ,  

: p a  l 

:he - n r t , a l  condi::an f o r  r h e  e x p r e s s l o n  phasi  

d ~ l l  be i e r e r m r n e d  5y :he p o r o s l t y / v o r d  ratri: 

p r o f r l e  a r  :he end 3 f  =he  f r l t r a t r o n  phase .  

Sounaary  i o n d r r l o n s  f o r  e x p r e s s i o n :  



:he .raid r a t i o  a r  3 a r o s l t y  n e a r  t h e  f i l t e r -  

iedium irrli remaui conscan t  d u r i n g  

txpressron and LS I e t e m r n e d  a t  t.ie end of 

:he f i l t r a r l o n  snaae .  ?he void   rat^- 

i / p o r o s r v f ,  h y d r a u l i c  u i d  c c a p r e s a i v e  pres-  

, u r e  ac :he rop of r h e  cake  w r l l  change 

:onclnuously.  

l tch  e q u a t l o n  141 w e  can c a l n i l a t e  poros- 

t y ,  compresszve-, h y d r a u l i c  p r e s s u r e  pro- 

rles, t h e  cake ne rgh t  and t h e  s u p e r f i c r a l  

i q u r d  v e l o c r t y  a s  a  f u n c t i o n  of tune .  Wlth 

d r a l n a q e  and express ron  c e l l  w e  can 

ieasure t h e  cake nergnc and s u p e r f r c r a l  li- 

u l d  . re loczty  a s  a  f u n c t r o n  of t a e .  

I n  t h e  d e r r v a c l o n  of  t h e  above nientioned 

e q u a t l o n s ,  w e  made one important  assumpt i -  

on: t h e  p o r o s i t y  c 1s s o l e l y  a  f u n c t i o n  of 

t h e  compressrve p r e s s u r e  p, . ? h l s  means 

t h e  s o l i d  s k e l e t o n  behaves e l a s t i c ;  it 

deforms i n s t a n t a n w u s l y  a t  a  g iven  s t r e s s .  

I t h e r e  LS a  time Lag r o  deform t h e  s o l l d  

s k e l e t o n ,  -he s o l i d s  behave v i s c o u s ;  t h r s  

can be e r t b e r  . v l s c o - o l a s t ~ c  o r  v r sco-p las -  

t i c .  

I n  f i g u r e  a  s c n e m a t x  $iagram of t h e  used 

1 f i l t r a t r o n / e x p r e s s l o n  and d r a m a g e  devrce  

( r n n e c  d i a m e t e r  3 cm) 1s qrven.  The o u t -  

comlng f i l t r a t e  L S  c o l l e c t e d  on a  ba lance  

and r h e  d a t a  a r e  2 ransmr t t ed  t o  a  computer 

which r e g i s t r a t e s  t ime  and f i l t r a t e -  

volume. Before  c a r r ~ r n g  o u t  a  d r a i n a g e  

e x p e r m n r .  a  slurx-1 of sewage s l u d g e  is 

p laced  Ln 'he c e l l  and water  f lows ou t  

under g r a v i t y  f o r c e s  u n c ~ 1  a  cake LS 

. . 
formea. T h e r e a f t e r  a  -;qurd l a y e r  LS 

?Laced on :op 3 £  :he cake  (see Elgure  1) and 

a r r  p r e s a u r e  di,.. :~na . -y  de te rmine  t h e  d r a i n -  

age p r e s s u r e .  i o r  oxpress ron  exper lments ,  a  

c l o s e d  p l s t o n  -s ?La:ed 3n t o p  of =he formed 

cake.  

f z g u r e  I .  Schemat ic  d iagram of f i l t r a t i o n / d r a -  

u i a g e f e x p r e s s i o n  d e v l c e .  

RESULTS 

:n f i g u r e  2 t h e  s u p e r f l c l a l  l i q u i d  . ? e l o c i t y  u, 

v e r s u s  - M e  f o r  a d r a ~ n a g e  experrment  :s g iven  

f o r  a s l u d g e  : l o c c u l a t e d  w l t h  11 ,x% ?eC1,/20 

,&z% C a ( 0 H )  on d r y  s o l ~ d s  b a s i s .  On t h e  b a s i s  

of C-F measurements. r e s u l t s  of  numer ica l  

c a l c u l a t r o n s  wrth  e l a s t i c  m a t e r i a l  p r o p e r t i e s  

a r e  shown i n  f i g u r e  3 .  I t  can  be  s e e n  t h a t  

t h e r e  is a  d i s c r e p a n c y  between measured and 

c a l c u l a t e d  t i m e  s c a l e s .  ( t h e  shape  of t h e  

c u r r e s  however i a  t h e  same) .  C a l c u l a t i o n s  

showed t h a t  wrth  i n c r e a s e d  medium r e s i s t a n c e  

d u r i n q  f l l t r a t i o n  ( i n  t h e  model t h e  medium 

r e s r s t a n c e  was assumed t o  be c o n s t a n t )  t h e  

clme s c a l e  extended on ly  a  few seconds  and 

could  n o t  e x p l a i n  r h e  d i s c r e p a n c y  between 



rneasured and c a ì c i i i a t e d  i ~ m e s .  T h e r e f - r e  

:hls d l f f e r e n c e  mus: :e 7ue is = h e  faC: 

z h a t  :he 30ros1:y C 1s nor s o l e i y  a func-  

r i o n  of t h e  zompress l . ie  ? r e s s u r e  2,. There  

is sorne ilme l a q  i i n l ch  a p i l c a t e s  v l sco -  

a1as t ;c  a r  . r ~ s c o - o l a s t x  n i a t e r l a l  behav- 

LOULT. 

F r g u r e  2 .  5 u p e r Z r c r a i  Lrqurd  ~ e l o c r t y  u, 

v e r s u s  r m e ,  d r a m a g e  experrmenr  ( s l u d g e  

f l o c c ï l a r e d  wlrh  :: wc% FeCI, and  20 *t% 

CalOH), m d r y  s o l ~ d s  b a s l s ;  A p = 4 0  XPa).  

:n f i q r e  J Tne a v e r a q e  ? o r ~ s r t y  of  dn ex 

2 r e s s r o n  o x p e r ~ n i e n r  rllt!~ 3 31udge f l o c c u l a t e  

h  5 x %  ?eCL.,;3 ;r?. Ca(OH), LS shown. Th 

f i n a l  equ1; l i r l s ;n  z i n c ! ~ r l a n ,  i n l f o r m  F r o s r t  

3 r o f i l e .  LS s t ~ l ;  nor  r e a c h e d  a f t e r  5.10 hour s  

:n f i q u r e  5 :he c a i c u l a t e d  p o r o e l t y  p r o f i l e  

Sased  on e l a s c l c  3acer:al ?ro-nies  o f  t h  

e x p r e e s z o n  exper^nanc are ahoun. The u n r f o r  
. . ? o r a s ~ r y  3 r c : ~ - e  -5 3;z~acy r e a c h e d  a f t e r  r i 

z u n u t e s .  

F l g u r e  4 .  Averace p o r o s l t y  v e r s u s  r ime,  ex. 

p r e s s l o n  e r p e r = n e n r  f s l u d y e  f l o c c u l a r e d  w l t h  I 

v r %  F e c l ,  m d  ; D  v t a  CafOH), on d r f  s o l ~ d :  

b a s l s ;  Ap-SC0 d a l .  

F r g u r e  3 .  C a i c g l a r e d  s u p e r f l c r a i  I r q u i d  

v e l o c ~ r y  v e r s u s  :Xe; e l a s r ~ c  n i a r e r r a l  

o i o p e r z r e s .  

' rgure 5 .  c a l c u i a r e d  ? o r o s 1 t y  g r o f ~ l e s  dur=! 

e x p r e s s l o n  pnase;  -= j00 ;<Pa. 



Thrs m p l , e s  t h a t  t h e r e  L S  . r r s c o - e l a s t l c  o r  

v r s c o - p l a s t ~ c  materiai .  oenavrour  d u r m g  

both :he d r a i n a q e  and :he e x p r e s s r o n  phase.  

S h r r a t o  e t  a l . "  ~ n v e s t l q a t e d  :he v l sco-e l -  

a s t r c i t y  of c l a y  suspens lons  u r t h  a  Relvin- 

'Volgr model :or on ly  'he e x p r e s a l o n  phase  

and used a n a l y t r c a l  s o l u t i o n s .  To d e t e r m m e  

:he a L a s t i c  m d u l u s  X and t h e  v i s c o s z t y  of 

:he e o l i d s  s k e l e t o n  7, a c o n s t a n t  s t r e s s  

:ensor (ccmprenazoo ? r e s s u r e )  is needed. 

3-er, because  t h e r e  are always p r e s s u r e  

? r o t i l e s  m :he cake d u r r n g  f i l t r a -  

: ron/drainage and e x p r e s s i o n  experrments .  

ir is v e r f  d i f f i c u l t  t o  o b t a i n  E and q , .  

" : t e f o r e  s imple  s o l u t i o n s  zo o b t a i n  e l a s -  

: r c  moduli and v i s c o s i t i e s  of r h e o l o g i c a l  

m d e l s  (e .g .  t h e  Kelvin-Volgt model)  musir 

>e souqht .  

: ?occu lan t s  have g r e a t  ~ n f l u e n c e  m :he de- 

ra te r rnq  Sehavrour.  Not o n l y  on zhe : ~ q u r d  

ilow r e s i s t a n c e  o u t  a l s o  on :he v r sco-e las -  

: r c r t y .  I n  f i g u r e  6 t h e  e f f e c t  of t h e  con- 

: e n t r a t i o n  FaCl, on t h e  average  s p e c l f i c  

zake r e s i s t a n c e  a, [m/kq] is shown. Th is  

! i n c l u d e s  l i q u i d  f l o u  and t h e  v i sco-  

, l a s t r c i t y  of t h e  s o l i d s  s k e l e t o n .  For 

eC1, t h r s  k ind of curves  can o f t e n  be 

.nd. For s l u d g e  f l o c c u l a t e d  u r t h  poly- 

l e c t r o l y t e s  o f t e n  an optunum can j e  

ound. Heasurements wrth  t h e  C-P cel:  

howed z h a t  z h e r e  u a s  h a r d l y  any change i n  

he s p e c l f i c  cake r e s r s t a n c e  zrhen =he 

l o c c u l a n t  dosage was ~ n c r e a s e d .  However 

i l t r a t r o n  experunen ts  snowed an impor tan t  

hanqe i n  z,. T h e r e f o r e  ?he neasured  a,. 

u r i n g  a  f i l t r a i r i o n  exper lment  1s o f t e n  a  

urn of  l i q u r d  f low r e s z s t a n c e  and v i sco-  

l a s t i c r t ~ ~ / p l a s t ~ c i t y .  

F l g u r e  5.  S p e c l f l c  cake  r e s i s r a n c e  a, ve rsus  

dosage FeCI, (on d r y  s o l ~ d s  b a s i s ) .  

Numerical calcu1at;ona baeed on e l a s t i c  

,mater ia1 p r o p e r t l e s  show d i s c r e p a n c r e s  between 

model and exper lment .  T h i s  is f o r  both  t h e  

d ra inaqe-  and e x p r e s s i o n  phase.  The e q u i l l b -  

rium c o n d i t l o n  a f t e r  d r a i n a g e  ( h y d r a u l i c  pres-  

s u r e  a t  f i l t e r m e d i u m  e q u a l s  z e r o )  and a f t e r  

e x p r e s s r o n  ( h y d r a u l i c  p r e s s u r e  through a l 1  t h e  

cake e q u a l s  ze ro ,  uniform p o r o s r t y  p r o f i l e )  

e s t a b l l s h e s  ve r f  s lowly .  T h i s  b p l i e s  t h a t  ue 

need t o  node1 zhe f i l t r a t r o n / d r a r n a g e -  and 

e x p r e s s r o n  ?hage .wrth v i s c o - e l a s t r c  o r  v isco-  

p l a e t r c  . m a t e r ~ a i  de format ion  and r h a t  it u i l 1  

raKe Long dewaterzng :mies zo reach high f i n a l  

d r y  s o l i d s  c o n t e n t s .  

F u r t h e r ,  f l o c c u l a n t s  have g r e a t  i n f l u e n c e  on 

t h e  dewaterrnq t ime. Optunum c o n d i t i o n s  l e a d  

t o  low cake r e s i s t a n c e  and :OW v r s c o - e l a s t i c  

m a t e r r a l  deformat ion.  
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