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SECTION I I

SLUI ) GE F I L T R A T I ON THEo RY

Vacuum f i l t r a t i o n  is p o t e n t i a l l y  t h e  most  u n i v e r s a l
method of sludge dewatering by mechanical means in the Air
P ur e e .  A u n i f o r m l y dewa tered  s ludge  oaks’ can be produced
f r o m  e i t h e r  t a w  or d ige s t ed  s l u d ge. Vacuum f i l t e r  p e r f o r -
manoc ’ i s  c l a s s i c a l ly measu red  in t e rms  of t h e  y ield of
i 0 1 1 i n , on a dry  wei gh t  b a s i s , e x p r e s s e d  as mass per u n i t
a r ea  per h o u r .  The q u a i i t y  of the  s l u d ge f i l t e r  cake  is
descr ibes]  by i t s  m o i s t u r e  con ten t  on a wet  wei gh t  b a s i s
expressed as a percent of the mass of dry  solids . As dis-
cussed b- i- - Ga l e  (R e f e r e n c e  1) , presen t  theory  f a l l s  short  of
c o m p l e t e  descri p t i o n  of the  s l u d ge f i l t r a t i o n  process.
Howeve r , the theory does illustrate how sludge filterability
data can be obtained and how operational variables may
aifect filt or performance.

I-’rom the Carnian-Kozeny (Reterences 2 and 3) equation the
hea d loss, caused by a g i ve n f ace veloci ty through a f i lter
cake of ‘1ive n thickness and porosity , can be determined with
emp irical coefficients for filter resistance and sludge
particle ch,ira’- t o r  istics. For convenience in the character-
I’ i t  ion  of  sludge filtcrdbil ity , the properties of the
s lu d q n -  ~r d  t h e  im’ ’lm a ~ire combined into a single specific
r ’  S l s t . , I ; o - O h a r m ’  t ’ - r , r .  l\’lj in fl t h i s  is done , the s ludge
lil t r i - i ’ in vo l  i i - ; -  Irt .iy Li - t- expressed as a function of t i m e :

P A
— t u  

_ _ _ _ _  
(1)

UT (r i- I W + r p A
c q c  f g u

when: clV/dt is t h e  change i n  filtrate volume , V , w i t h  re spect
t ( l  t ilflO , t ;  P . is the total pressure drop across the filter ;

is the unit area of filter; r and rf a re the specif ic
resistancns for the sludge parti~~le take and the f ilter
c]o th , r e s p e c t i v e l y ;  W is the dry weight of the uni t area
f i l t e r  r a k e ;  mid I

g 
i s  t he  dynamic viscos ity of the fluid.

tI q Ima ~ ion I i s commonly integrated to provide a mat,he—
mati n al mode l for analysis ‘-I f  filtration data to permit
(let ens j m at -  ion of r iri d r ; howeve r , Gale (Reference Ic



h a s  1 ’ t j n t e t i  o m i t  t h a t  , w i t h  ( ( t r i p t  t ’ s t ; i b U -  S I U d (j e i -i t h i s  p r o —
c e d u r l ’  is  i n vi l  is] .  T h i s  is b O O J US O  i - i l l  i i i cr e a s  i n q l ’,’ c-~ ‘ ‘ at ’  - r
p e r c e n t  of t h e  tot ,i  I p r e s s u r e  d r o p  o c c u rs  across  the f i l t e r
cake i- is filtration progresses and  t h e  cake  i n c r eas e s  in
t h i c k n e s s ,  i f  t h e  cake is c o m p r e s s i b l e, the in c r e a s i nq

• p i  en s u r e  w i l l  c ause  an i n c r e a s e d  sp e c i f i c  r e s i s t a n c e .
Hence , r i n c r e a s e s  w i t h  t i m e  and E cu a t i o n  1 c a n not  he
i n t e j r , i t ~~d .

b -i  ic ( R e f e ren c e  1) also not r i - h  t h a t  in  the advanced
s t ag es  of f i l t r a t i o n, n e a r l y  a l l  of the  p r e s s u r e  drop can be
attributed to t he  cake while the filter cloth resistance
become s n e q l i q ibl e.  Under  these  c i r c u m s t a n c e s  the p r e s s u r e
~ raIiient across the cake, and thus  the s p e c i f i c  r e s i s t a n c e,
may be considered cons t a n t .  Thus , i f  the init ia l  surge of
filtr ate is ignored , r may be set equal to zero and Equation
1 may be integrated to y ield:

I -

t p W r
~~~ c c  

V (2)
V 2 P A

L t u

w h e r e  t /V  is the  t ime per u n i t  volume of f i l t r a t e. This
eq uati on provi des a means to ev a lua te the f i l te rab i l ity of a
sludge using data on f iltrate volume af ter the initial
surge . Specific resistance can be determined from the slope
(the terms in b rackets in Equat ion 2 equal the slope ) of a
p lot of t/v as a function of V.

Because many sludges encountered in wastewater t reatment
ire compressible (References 1, 3, 4, an d 5) , th e speci f i c
resis tance of the sludge cake is influenced by the pressure
differential across the cake. Empirically (References 1 and
4 )  , it has been found that specific resistance can be predic ted :

r ‘rn r’ ~~~
C C t

where r,,, is the specific resistance r~ is the precompression
spec i f i ~ resis tance , P is the total pressure across the
system , and s is the coefficient of compressibility measurcd
empirically (when s equals zer o, the cake i s  incompressible
and r is independent of pressure ). If E q u a t i o n  3 is r e w ri t t e n :

l n r = l n r + s l n  p (4)

ii I

~~~

L. 

~~~~~~~~~~
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a n d  i- i log— log p l o t  of speci f ic  r e s i s t a n c e, r
~~

, ve r sus  t o t a l
pi~ossrire d r o p ,  AP , the coefficient of compressibility, s,
s tIm e slope and ~he precompress ion speci fir resistance , r

is at th e  - p t 1 intc -rcept .

U s i n g  t h e -  above discussed equations , t he  s p e c i f ic
resist anon and compressibility coefficient of a sludge may
he i -st in i a tecl  i n  t h e  laboratory. This is normally accom—
p 1 i n h e d  u s i n g  a Buchner  f u n n e l  ( Re f e r e n c e s  1 and 4) ai d
f i l t e r  enp er  b y m ea s u r i n g  t h e  cumulative filtrate voluir’rt as

- ‘  f u n c ’ i n m i  of  t i n i e when  t h e  s ludge  is d e w a t e re d  b y t he
‘ i p p a r a t u s  a t  a k n o w n  pressure differential.

i-- T h i I e  t h e  sludge filtration theory described in t h e
r i - i ecedinq paragraphs is defined to some degree , i t  h a s  f o u n d
little ipplic-ation in the form presented. The filter Leaf
t est is preferred by desi qners because a variety of pressures ,
cycle times , and filter cloths can be evaluated reacily.
In addition , de sign information and plan t operating data
have been show n to y i e l d  reasonabl y compatible data for a
n umb er of di f f e r e nt cases (Re f e r ence 5) . The f i l ter leaf
can be used for determination of specific resistance com-
pressibility coefficients in place of the Buch ni --r funne l if
ra re  is  e x e r c i s e d  in t h e  m a i n t e n a n c e  of the chronolog ica l
f i l t r a t e  v o l u m e  da t a.

M a n y  derivatives of the basic filtration equation exist ,
but most are v a l i d  only under restricted conditions in
sludge filtration . Specifically, the often used expressions
that incorporate cake and fabric at a constant pressure
differential across the sys tem are inv a l i d for  compressible
cakes. Numerical integration of this expression is needed
to obtain valid theoretical solutions. An appreciation of
the physical mechanism involved in sludge flow , cake formation ,
and compression is necessary to determine the suitable
relationships to be applied so that valid pressure , f low ,
and time relationshi ps may be determined.

T h i s  section has examined the existinq theories and
empirical methods used in the design and application of
vacuum f i l t r a t i o n  systems . It was shown that most previous
i r - ’-~~’ ,~~~c- h h im- ; b~ - °n pr imaril y 1 nterest (’d i n  the hydraulics of
t b -  tlu j c j w i t h i n  t h e  m e d i a .  The c h a r a c t e r i st ics of t h e
p a r t  i c - I s ’ s , sus~ -r dr- d i n  the f l u i d , have  r ece ived  some a t  ton—
t i n ;  Imo wm-v c t r , t h e -  met  hods use(] to d e s c r i b e  the  c f t : ect  of
I h i - s e  p a r t  i cli ’s uponi flow , pressure , and time have been

- mi - g m ~~ - i t  j t i t  ‘-/ i- r emp i r i 0,1 1

4
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For t h i s  reason , subsequent sections will de~’ofop the
~‘o i m r e p t  of filtration performance including consideration of
I i i ’ - c ’ h m , i r mm - t e r i s t i c s  of  the suspended  p a r t icles in  the flur’].
S i nce s m a l l  particle technology , developed primarily in
aerosol mechanics , has permitted air filtration theory to
consider suspended particle characteristics , it seems l i k e l y
that these concepts could well be a useful tool in the

• conceptual development of vacuum filtration models.

_ _-
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l - R U P O S L U  V A C U U M  E l  LTRAT 1ON MODEL

lii ’ .- m e i - t~~’ 1 to des ign  v a c u u m  filtration systems , ~~r Op e n-  -

07 t. him- i i i m r - st i  -~~a 1 Iofl , requires data that dc-scr ibes  the
s L ~~ i - j ~~, t m i e  f i l L e r , and the  o p e r a t i n g  c o n d it i o n s .  W i t h

t i ’  si- J _ i t m , t i n  t d a t  i O f l S I l L p  between f l o w , t i m e , 1 ross u i  r
u s  s - I  f b i  u n cy  ui - in  be evaluated. The specific i n i  ( ‘r-

i - m at ion tb - i ’ m u a t  be del m e d  for the mean- I i n c l u d es  tnt ii
- - n i  ‘ i - i  i ice m a i n t a i n ed  across  the  f i l t e r , C7r  I s -

t i me , i n r ~~~ 1 3 t i e m  i n c r e m e n t , s lud ge t e m p e r a L ’~re , f l u i d
RUS1 ty ale l y l - l i c  v i s co s i L-i’ . I n f o r m a t i o n  requ i red for

t~ in au cqu a t e  s ta ti s t i c a l  desc r i p t i o n  of th in slud ge p a r t  i c tes
a I i n - s  c o na n-n  tra Lion , mass mean pa t i c  Ic si Zr , 1 ( n - 1 — i i o r i n a  1

st i ; i i m r u  s ev iat i e n  of p a r t ic l e  s i z e , d e n s  i t  of t b -  U i s c ret e
s l u m ~~e pai t id es and b u l k  d e ns i t y  of ttio’ particle cake
bk - to re  cormipression . In addition , i f  the s l ui q o  cake is
compre ssible , coefficients for the huf fine ari d B or i i l l a
( R ef e r e n c e  4 )  c o m p r e s s i b i l i ty  equa t ion  are r e qu l  red to
(letermine tue effect of cake compression upon filtration

-

‘ 
r a t e .

‘Inc i n f o r m a ti o n  r e q u i r e d  to determine the statistical
c h a r a c t e ri s t i c s  of the filter cloth includes the mass mean
fiber diameter , i e q — u i o r m a l  st anda rd  d e v i a t i o n  in  f i bn i  s i z e ,
f a b r i c  t h i c K e r - u s , f a b r i c  bu lk  d e n s i t y  and t h e  c o n t i n u o u s
uensity a the m a t e r i a l  f r o m  which the f i b e r s  a r e  made .

With these input data , the model characterizes the
systrm ;n arid beg ins to calculate the incremental relationship
uetwcrn flow , t ime , pressure and efficiency. Cake compres-
sion , i f  i t  occurs , is considerei by application of the
mliltine—Boi i [I a equation . This empirical relationship
je-Lor mm cm ; the rate of c h a ng e  in the bulk density as a
function at dpplis- U p r e s s u r e  and empirical coefficients
b r  the sluOge- im ber consi li -r i-ition. The r a t c ’  of cake  corn —
pr c ’ssion  i s  d’~ t t n r i n j ned by compress ion  t e s t i n g  in the SI ud ge
C f c o ru :~ -r ri

Em
- ‘I

-—- - —--__ —-_ — -.—-—------—--—-. - - - --- --.- _______



SECTION 1V

~1flbl -~I ,  SI~NS 1T I V 1T Y  AND DATA EVALU A T I ON

T h e  model  h -y e  loped f o r  s lu d q i  t i l t  i a t  i on cons ide r s  the
ch a n m e i n f i i t  ra’ i o n  ye l o - - i  ty  a t  c o n s t a n t  p r e s s u r e  across
tb  I u t  no sy s t  i - i ’ . In a d d i t i o n , the  model  can cons ider  cake
compression by e~:pression of cake t h i ck n e s s  and bulk density
as a pressure dependent I umi ct i on .  Th i s  c o n s i d e r a t i o n  may be
necessary for certain filter systems that operate at a high
differential pressure that is sufficient to cause compression
in the filter rake.

With respect to the  parameter stud y of the  new s ludge
filtration model , it seems nertinent to point out that the
cake thickness value , predicted by the mode l, is the form
thickness and not the thickness after air—suction drying .
The dried cake thickness is most often reported in the
literature since it is the final product of vacuum filtration .
The best function of the sludge mo-del presented herein ,
th erefore , is for prediction of sludge filterability from a
basic consideration of the characteris~-~~cs of th e s lud ge
particles. The mocic~ ~~~~~~~ - ‘ n m --- -~~~~ - - - ~~t i-~ifferent cyclet i m e  and p r e s s u r e  d i f f e r e n ti a l s  to m~~~i m i z e  process eff ic iency .
F rom these data the best filter can be subsequently designed.

Piqure 1 shows the effect of particle size upon the
relationshi p between cake thickness and time for a defined
sludge. N r t e  t h at , fo r  these  r e p r e s e n t a t i v e  da ta , cake
t h i c k n e s s  is inversely proportional to sludge particle size.
Figure 1 also indicates that larger mass—mean sludqe par ticles
ten d to increasi’ the slope of the cake thickness as a function
of t 1 ’~e c u r v e s .  This trend is a manifestation of the increased
in terception parameter and a decreased diffusion parameter.
Secon da ry i n f l u ence on t h i s  t r e nd , exer ted by the increase
in particle size , is found in the filter drag term where the
surface-to-volume ratio variable decreases as particle size
increases; hence , the net drag is reduced. This is very
likely a factor in the difference in filterability of raw
and di gested sludge. During slud ge diges t i on , pa r t i c l e s
tend to agglomerate and thus the massmean particle size
increases. If the digested sludge is elutriated , the fine
sludge particles are washed away ; this further increases the
mass-mean partic le size. Thus , the model would predic t that
a digested elutriated sludge would be more amenable tO)
fil tration than would a raw sludge; this prediction i-s
normal ly  true in sludge filtr ation .

_ _ _  - - - -  — 
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F i i -~ure  I .  ~-- 1 u d ~~~- Cake Thickness
is a hunction of Time for S u m , 10 1 m , ~( I - pm

m d  ~ h~ rn Mass Me ami I)iameter Sludge Particles

The preceding discussion has described the trends i n
Figure 1 in qualitative terms . If the data in Figure 1 were
evaluated quantitative ly for a real sludge , a decision
function could be developed that would trade off filtration
time (i.e., drum speed in a vacuum filter) with particle
size , equi pment cost , and power cost. One consideration
would involve increased drum speed for small particles since
the greatest portion of the cake forms rapidl y and little
addit ional thickness is ga i ned by extended filtration time .
Conversely, a slow drum speed would be advantageous for
lar ge particles since they tend to y ie ld  s u b s t a n t i a l  ca ke
thiekness increased after the initial surqe . Thus , b e r t ’
again , the e f f e c t of the p ar t i cl e s  suspende d in the f l uid
are predicted to be very influential upon the  characteris tics
of th e filt er design and operat- ion .

~iqure 2 [)reclicts the relationshi p between slud ge cake
thickness amid system pr essur- drop . This t i ~~ure indic ate ;
the S I r I I i l r m r  ~ei r-ept~ 1-0 those indicated by Figur e 1; howeve r ,

H -~
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F i g ur e  2.  S ludge Cake T h i c k n e s s  as a
Function of Pressure Drop fo r S m , 101/rn ,

2 0m  and 30~-m Mass Mean Diameter Sludqe Particles

the lar ge par t icle filterability is more clearly show n when
rela ted to pressu re drop . Specifically , the figure innicates
that a 200 percen t increase in pressure differential yields
o n l y  0 . 1  ~~ i nc rease  in cake th i ckness  for  a S .Opll l  mass—
mean particle size while the same increase in pressure
yiel ds a 0.7 cm increase in cake thickness for the 30 .OhJfl
mass-mean part icle size. Furthermore , at the same pressure ,
the 30 .Opm mass—mean particle cake thickness ranges from
578 percent to 626 percent thicker than the 5.0um mass—mean
particle cake from low to high pressure diffe rential. This
indica tes again the great influence upon filterability of
the mass—mean particle size of the sludqe suspension .

Since the literature data does not normally ~easure the
form thickness of the sludge cake , sludge filt r~~rion experimentswe re designed ~o evaluate the parameters requi red for limited
model verifica tion. These experinental investiqations
characterized the operation of the fullscale va cmmimrm filters
at the two wastewater treatment plants and subsequent l aboratory
fil ter lea f tests were run to complement fieo tests.

9
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BEST AVAILA BLE COPY
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r -asur . ’ m mmi - nt in t i m ’ - t i c - I d  a n t  to sut  I le  t- i o - l i I  i~~ d t i o n s  i n
s1~idqe c -h a r a c t e r i s - t in s  P h i l -  may  h a~ - t m  occ ur i c  I b . - t - ~ een tid e
i n l  l a b o ra t o r y  t e s t in q .  E v e n  w i t h  t he s e  J i f f t m r e n ’ - e s , ~he

c m i  l i e  of s i m i  l a r  shape , ar c ’  r t’asonably paral lel to each
ct ’-r , and a r e  p r o b a b l y  w i t h i n  t he accuracy of the field
m . - i m c i r m en t  t e c h n i ques  used .  A p p l i c a t  ion of the sludqe
f i l t i a t i o n  mode l was  accomp l i shed  by a s s u m i n - t  t h a t  mass—mean
t a r t - id e’ size ranueti between l0-~mm and 2 O t m ;  this is within 

rtc’d v a l u e s  in t h -  literature (References 6 and 7). In
addit ion , a l o g — n o r m a l standard d e v i at i o n  of 2.0 was a s s um ed
for f- he slud ge particle size distributio n ; this too has been
r e p o r t e d  to be a typical value for sludge suspensions (Reference
8). I~ith these assumption s, wi th res pect to sludge par t icle
characteristics , distribution , and the measurement of other
parame t-ers required for model input , the two data curves
wele bracketed by the mode l predictions. Furthermore , the
two particle sizes evaluated by the model y ielded curves of
the same general shape and slope as the measured data curves.

The information disp layed in Figure 3 seems to substantiat’-
that the sludge filtration mode l has merit . The true ability
of this mode l to evaluate sludqe filtration , howeve r , r e q u i r es
a more extensive experimental investigation so that particle
size and distribut ion can he characterized . In addition ,
like any model, th e true v a l i d i ty is ascertained only aftMr
widespread application to a diverse sampling of sludge
filt ration sys t ems . It seems , however , that the rela~ ionshi psdeveloped and t he  v a l i d i t y  ob ta ined  f r o m  the  p r e l i m i n a r y
f i e l d  da ta  is s u ff i c i e n t  to war r a n t  f u r t he r  work  to  e v a l u at e
more f u l l y the  c h a r a c t e r  and accu racy  of the model.

As men t ioned , the  sl udge tak en f rom wastc-w,it -- r treatment
pl ant  ~ o. 2 formed a compressible cake. To (‘valuate these
data with the slud ge filtra tion mode l , it was necessary to
appl y the correction factors for cake compression . The data
and model predic ti ons for was tew ate r t reat ment  plant No. 2 -
sludge are presented in Figure 4. The curves indicate that
the initial linear region of sludge compres s ion is very
short. This is followed by a reasonably wide compression
ranqe (observed between approximately 175 and 50 0 cm H C)
at 2 0 ° C )  , a f t e r  which  m a x i m u m  b u l k  de n s i t y  occurs  ~nd ~ u r r h e r
compression is not observed. There are several ways to
evaluate what is actually occurring by comparison w i th
Figure 3. It is likel y that the pressure roq-iired to form
the sludge cake matrix at wastewater treatment t ant tJo . 1
is lower ; thus , maximum bulk density has occurr ed at a
pressure of approxi mately 175 cm of water (at 20°C) . I f

11
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Figure 4. S lud ge Cake Thicknes s  dS a
Function of Pressure Drop for Field Data

armd On-ic-i 1 reçjjctjons from Wastewater Treatmen t Plant 2

thi s is m e  case , the pressure required to form the s l u d yn
C I k I -  m a t r i x  a t  wastewater treatment plant No. 2 may be
h L q h e r , - i p p r o x i m a t e l y 500 cm of wa t e r  (a t  20 °C) , and th u s
he previously mentioned linear precompression portion

of the curve exists Only instantaneously. Either case
would , hew s- er , not affect the model performance for prediction
since the r - - t 1 i r e d  inputs are empirical and t he  m a x i m u m  hulk
densit y mus t I t -  experimentall y de term ined.

It is felt that the previous comments , with respect to
mode l applicabilit y, were generally applicable to Figure 4.
It is also thought that predictions of the effect of cake
compression made by the Huffine and Bonilla equation (4) are
reasonably valid; however , it should he recognized that the
r e t  hod of  presentat ion of the data in Fiqur- -~ 4 could be
corisid ete d biased since the observed compression coefficients
were used to evaluate the equation. For this ream - on the
si u ( l ( ; O  mode I is , to sonic degree , empiricall y fit to the data
w i t h which i t j s Pt - i rig c ompared .

12



SE CTION V

CONCLV S IONS

The new concept s  deve loped  f o r  ap p l i c a t i o n  to s lu dge
M t  r i t  ion performed w e l l  i n  t he  p a r a me t e r  st u i 1y .  Th i s

inclic - i t e c i that the sludge particles and their concentration
ar e  very influent ial upon their filtration characteristics.
When t h e  model wa s appl i ed to pre liminary experimental data ,
it was found to agree well with these data. This application
included p redic t ion of the  r e l a t i o n s h ip between p ressu re
drop and cake thickness for incompressible and compressible
f i l t e r . I t  is f e l t  th at the s l u d ge f i l t rat i on model , devel-
oped f r o m aerosol mechan ics theory and modi f i ed  for  w a t e r
application , has been proven to adequately predict the
relationshi ps between flow , time , pressu re , and ef f i c i ency
fo r  the cases d iscussed. I t appe ars , though only preliminary
data have been eval uated , that the model is sui~~icient1y
promising to warrant future experimental research .

13
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ATC/J)EPV 1 Nay Shi p R~D Ctr (Code 3( 121) 1
AFIT/DNI 1 Univ of New Mexico l
AU/LDG 1 Technology Transfer  Staff I
AUI. I Of of R~D (EPA) I
AU/Surgeon I Nat i Sc-i Foundation 1
AFOSR 1 SGRJ)-IJRC 1
AFAPL 1 Det 1 IK ~ ADT( /PRT 1
AFAL/TSR 1 Det 1 IK~ ADTC/WT~ I
AFT:DL/TST I flet I !IQ ADTC/EC I
AMPJ /DA I I Dot 1 UQ AJ)TC/ECW I
AFML/DO I AFCEC/SUL 2
OEI ll~/CC I AFGEC/ EV
() EI IL/ OL- AA 1
()EIIL/OI - \ J ~ 1
AFWL/ StJI I
AFGL/XUP I
USAFSA\I/EI)E 1
AFRPL/Lihrary I
FTD/L~N 1
AMRL/TI IE I
ASD/ENAMC 1
ASI)/ENESS 1
ASD/ENFPA 1
ASD/DEP 1

— ASD/~ vlKF I
AEDC/DEE 1
SAM’JTC/SI’J I 1
SNVtSO/DEiC 1
AMD/Rrlr 1
AIJ’Fc/CSv 1
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