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SEPARATION SCIENCE AND TECHNOLOGY, 18(12&13). pp. 1351-1369,1983 

Experimental Study of the Mechanism of Constant 
Pressure Cake Filtratlon: Clogging of Filter Medla 

WENFANC LEU AND FRANK M .  TILLER 
DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF HOUSTON 
HOUSTON, TEXAS 77004 

ABSTRACT 

Failure of data taken in pilot plant filtration of liquefied 
coal to fit conventional analysis led to reseerch summarized in 
this paper. Historically, the effect of migrating fine particles 
in cake filtration has been ignored in theoretical treatments. 
usual development, the total resistance to flow has been broken 
into cake resistance R and medium resistance R . Experirnentors 
have only measured the'total resistance and h a d  assumed that Rm 
remained constant. In this investigation, a filter with seven 
probes was empolyed to measure the individual resistances. 
Medium resistance is found to increase with time and mass of dry 
cake per unit area due to migration of fine particles into the 
interestices of a filter medium. 

In 

INTRODUCTION 

Cake filtration is an important operation within the domain of 

solid-liquid separation which can be divided into four stages of pre- 

treatment, thickening, solid separation, and post-treatment. Two 

major problems encountered in cake filtration are (1) how to improve 

filtration cycle rates, and (2) how to reduce liquid content of 
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1352 LEU AND TILLER 

filter cakes. 

(Tiller and Horng, 1983) and mechanical (Shirato, Murase, and Hayashi, 

1982) methods. The Tate of filtration depends upon the pressure drop, 

viscosity, and the resistances of both cake and medium. Conventional 

theoty has assumed that medium resistance R 

cake resistance a av 
the pressure drop across the cake Ap 

and industrial practice indicate that medium resistance changes with 

time , 

The latter problem has been approached with hydraulic 

is constant and average m 
is a unique function of its initial value a. and 

However, both laboratory data 
C' 

Throughout the history of experimentation in filtration, the 

pressure drop across both cake and medium has been measured rather 

than across the cake alone. Consequently, it has been impossible 

experimentally to separate medium from cake resistance. 

utilization of a model which assumes R 

calculations of both Rm and Rc. 

quate, calculated values of individual resistances would be in doubt. 

Little attention has been focused on the critical question of con- 

stancy of R 

formulations. Notebaert, Wilms, and van Haute (1975) and Tiller, 

et al. 

ing models employing variable R Ultimately, experiments which m' 
permit separation of the resistances are necessary t o  theoretical 

progress. 

In the past, 

is constant has permitted m 
If the model should prove inade- 

and the effect of its possible variation in theoretical m 

(1981) have addressed themselves to the question by develop- 

It was the objective of experimentation in this phase of inves- 

tigation to measure pressure drops across both medium and cake and 

thereby separate the respective resistances. Hydraulic pressure 
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CAKE FILTRATION 1353 

variations in cakes were measured so that the entire profile from 

cake surface to the medium could be obtained. Okamura and Shirato 

(1955), and Willis, Shen, and Gray (1974) used probes to measure 

local hydraulic pressure in filter cakes. However, they did not 

focus on the variation of medium resistance. 

REVISIONS OF FILTRATION THEORY 

Classical techniques for interpretation of constant pressure 

data have been shown to be frequently in error (Tiller, Crump, 

and Ville, 1980). 

incompatible with experimental data include 

Basic assumptions which have been shown to be 

(1) Increase in medium resistance not only during the 

first few seconds of a given filtration operation 

but throughout the entire process. 

(2) Variation in local cake resistance due to deposition of 

small particles migrating through the pores 

Cake properties can be profoundly affected by migration of fines. 

Analysis of filtration data of liquefied coal from the Wilsonville 

Pilot Plant has shown the effect of deposition of asphaltenic col- 

loids in an already formed cake (Tiller and Leu, 1982). Filtration 

theory was further modified in order to account for structural 

changes due to clogging of flow channels by submicron particles 

(Tiller, et al., 1981). An understanding of the basic phenomena 

involved in such operations as liquefied coal filtration requires 

an analysis of the internal flow mechanisms. 

The filtration equation which is derived from Darcy's law can 

be expressed in the resistance fo& (Tiller and Crump, 1977) 
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1354 LEU AND TILLER 

+ Rm = a w  P/uq av c 
total cake medium 
Resistance resistance resistance 
R RC Rm 

where p is applied pressure, p is liquid viscosity, q is superfici- 

al velocity dv/dt, v is volume of filtrate per unit area, aav is 

average specific resistance, w 

and R, Rc and Rm are total, cake, and medium resistance respectively. 

Eq.  ( 1 )  can be applied to any kind of cake filtration, not just 

constant pressure filtration. 

is mass of dry cake per unit area, 
C 

For constant pressure filtration if ca and Rm are constant, av 

integrating Eq. (1) with respect to time yields the well-known para- 

bolic relation between v and t which can be placed in the form 

o r  a av pthv = p/uqav = 2 wc + Rm 

where c is a pseudo-concentration defined as dry cake mass per 

unit filtrate volume, and qav = v/t is the average superficial 

velocity. 

tance R are constant. 

sure  drop across the cake Ap be constant. For constant-pressure 

filtration, dpc can be constant only if Rm = 0. 

exclusive assumptions are involved in the derivation of Eq.(2). 

limitations have been discussed by Tiller, Crump, and Ville (1980). 

c and aav 

Equation ( 2 )  is valid only when c, aav, and medium resis- 

Constancey of c and aav requires that pres- m 

C 

Thus mutually 

Its 

In the textbook approach, assumption of constant R m’ 
leads to two linear plots of p/uq and pthv vs. wc in accord with 
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CAKE FILTRATION 1355 

Eqs. (1) and ( 2 ) .  The p/uq p l o t  has  twice  t h e  s l o p e  and t h e  same 

i n t e r c e p t  as t h e  p t / p v  p l o t  as shown i n  Fig.  1. 

Typical  curves  f o r  p/pq vs .  w genera ted  wi th  v a r i o u s  assump- 
C 

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

i n  Fig.  2 .  

c e r n i n g  t h e  magnitude o f  Rm, t h e  v a r i a t i o n  o f  Rm and aaV due t o  

p a r t i c l e  migra t ion ,  and t h e  effect of p r e s s u r e  drop  across t h e  cake.  

Even i n  c o n s t a n t  p r e s s u r e  f i l t r a t i o n ,  t h e  p r e s s u r e  drop a c r o s s  t h e  

cake Apc i s  n o t  c o n s t a n t .  

The shapes o f  t h e  curves  depend upon assumptions con- 

I t  is given by 

A t  t h e  s t a r t  o f  f i l t r a t i o n ,  Apc = 0; and yav has  i t s  i n i t i a l  v a l u e  

a A s  t h e  ra te  decreases ,  Apc and, consequent ly ,  a i n c r e a s e .  

Thus t h e  supposed s t r a i g h t  l i n e s  i n  Fig.  1 a r e  i n i t i a l l y  curved.  

However, t h e  t ime involved i n  t h e  curved p o r t i o n  i s  f r e q u e n t l y  

0 '  av 

Fig.  1. Res is tance  p l o t s  of  p/uq and 
pt/Uv v s .  wc der ived  from con- 
vent  iona  1 f 1 1 t ra  t i o n  t h eory . 
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1356 LEU AND TILLER 

U 

a * 
R, 

Rml 

C 

5 )  MEDIUM 
AND CAKE 

W C  

Fig.  2 .  Resis tance  p l o t s  of p/uq 
vs. w summarizing r e v i s e d  
f i l t r a t i o n  theory .  C 

measured i n  seconds; and only  t h e  s t r a i g h t  p o r t i o n  is r e p o r t e d .  

We now discussed  t h e  v a r i o u s  curves  i n  Fig. 2 .  

Case I: Negl ig ib le  Medium Res is tance  

I f  medium r e s i s t a n c e  R i s  n e g l i g i b l e ,  t h e n  aav i s  c o n s t a n t  m 
from t h e  s t a r t  o f  f i l t r a t i o n  because Apc = p .  

i s  simply a s t r a i g h t  l i n e  through t h e  o r i g i n  as l i n e  (1) i n  Fig.  2 .  

I n  t h i s  one c a s e ,  convent iona l  and r e v i s e d  f i l t r a t i o n  t h e o r y  co in-  

c i d e .  

The r e s i s t a n c e  p l o t  

Case 11: Constant Medium and Cake Res is tances  

I f  both Rm and aaV a r e  c o n s t a n t ,  t h e  two s t r a i g h t  l i n e s  i n  

Fig.  1 r e s u l t .  The p/pq 11s. wc p l o t  from Fig. 1 i s  a l s o  shown as 
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CAKE FILTRATION 1357 

line (2)  in Fig. 2 and is marked "traditional theory". The majority 

of experimental values of a reported in the literature have 

been obtained from plots like those in Fig. 1. The value of aaV is 

obtained from the slope of the straight line and Rm from the inter- 

cept. 

may be in error when determined by the conventional methodology 

unless the total resistance R = p/pq is large compared t o  Rm. The 

ratio R/Rm = p/pqRm ought to have a value in a range close to ten. 

and R av m 

As the first portion should be curved, values of Rm and aav 

Case 111: Constant Medium Resistance and Variable Cake Resistance 

In a first stage revision of traditional theory (Tiller, Crump. 

and Ville, 1980). aav was treated as variable while Rm was still 

regarded as constant. 

based upon Eq. (1) which represents instantaneous as opposed to 

average rates over the entire run. 

is calculated by 

Interpretation of data was prinicipally 

The average filtration resistance 

P / W  - Rm 
u =  

W 
C 

av 
(4) 

This value of aaV corresponds to Apc as given by Eq. (3). 

be noted that aav calculated from Eq.(4) is not the slope of the 

p/pq vs. wc curve. 

It should 

A p/pq vs. wc curve withincreasing slope is generated as curve 

(3) in Fig. 2. The curve approaches a straight line as w increases, 

The intercept of the curve is medium resistance R 

cept of the tangent to the curve is regarded as a false medium 

resistance Rmf. 

C 

while the inter- m 

According to the revised theory, the false medium 
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1358 LEU AND TILLER 

r e s i s t a n c e  R can never  be  nega t ive .  For h i g h l y  compressible  

m a t e r i a l s  Rmf approaches zero  but  never  t a k e s  on n e g a t i v e  v a l u e s .  

m f  

Case IV: Medium Clogging 

In  a second s t a g e  r e v i s i o n  ( T i l l e r ,  e t  a l . ,  1981) medium c log-  

ging phenomenon was cons idered;  and R was t r e a t e d  as v a r i a b l e  wi th  

r e s p e c t  t o  t ime.  Notebaert ,  e t  a l .  (1975) proposed t h a t  t h e  medium 

r e s i s t a n c e  i n c r e a s e s  g r a d u a l l y  and then  reaches  a c o n s t a n t  v a l u e  

m 

One empir ica l  method for express ing  medium r e s i s t a n c e  a t  any Rw" 
i n s t a n t  i s  

where R i s  t h e  r e s i s t a n c e  of c l e a n  medium, and j i s  a c o n s t a n t  

parameter .  The product  jwc2 c o n t r o l s  t h e  ra te  a t  which R 

approaches i t s  u l t i m a t e  va lue .  Equation (5) depends upon t h e  c rude  

assumption t h a t  t h e  degree o f  c logging i s  a f u n c t i o n  of  t h e  mass o f  

cake depos i ted .  Presumably j depends on t h e  p e n e t r a t i o n  and deposi-  

t i o n  of  f i n e  p a r t i c l e s .  

mo 

m 

Medium clogging r e s u l t s  i n  a r a i s i n g  o f  t h e  p/pq p l o t  by t h e  

i n c r e a s e  o f  R The e f f e c t  d e c r e a s e s  wi th  t ime and f r e q u e n t l y  r e -  

s u l t s  i n  a curve  l i k e  (4)  i n  Fig.  2.  

m '  

Case V :  Medium and Cake Clogging 

In t h e  t h i r d  s t a g e  r e v i s i o n  ( T i l l e r ,  et  a l . ,  1981), bo th  

medium and cake clogging phenomena were taken  i n t o  account .  

migra t ion  o f  f i n e  p a r t i c l e s  through a f i l t e r  cake occurs ,  t h e  funda- 

mental assumption t h a t  l o c a l  s p e c i f i c  f i l t r a t i o n  r e s s i t a n c e  is a 

I f  
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CAKE FILTRATION 1359 

unique function of p (Tiller and Leu, 1980) is incorrect. The 

average specific filtration resistance for clogged cake may be as- 

sumed to take the form 

S 

a (clogged cake) = aav(non-clogging cake)f(w C ) (6) av 

where f(0) = 1 and df/dwc > 0. 

vary substantially depending on the complex phenomena of fine 

particle mi igrat ion. 

The functional form of f(wc) may 

The curve of p/vq vs. w may initially have a section of 
C 

decreasing slope followed by an inflection point and a region of 

increasing slope as curve (5) in Fig. 2 .  Severe cake blinding will 

lead to a tangent line with a negative intercept. 

A flow diagram of experimental equipment is shown in Fig. 3 .  

A pressure filter originally designed by Masterton (1980) and sub- 

sequently modified was used in this study. The pressure filter, con- 

sists of a transparent plexiglass cylinder with inner diameter 153mm. 

Two sheets of Whatman #1 filter paper supported on a porous stone 

served as the filter medium. Seven 1/16" stainless steel probes were 

located at intervals of 3.0 mm from the filter medium. Probe #I at 

the interface of cake and medium measured the pressure drop p 

the medium separately. 
1 

Even with Probe #1 located as close as possible to the medium, 

precise determination of p is difficult to accomplish. Although we 

are unable to estimate the accuracy of the measurements, we believe 
1 
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1360 LEU AND TILLER 

HYDRAULIC PRESSURE 
DISTRIBUTION APPARATUS 

I I -1 CHART RECOROER 

Fig. 3. Flow diagram of the equipment for measuring hydraulic pressure distribution 

Fig. 3 .  Flow diagram of the equipment for measuring hydraulic 
pressure distribution. 

that the procedure leads to an improved understanding of filtra- 

tion. The probes were located in a vertical position (1) in order 

to be parallel to flow paths and (2 )  to permit change of depth. 

EXPERIMENTAL RESULTS 

Data Acquired _______ 

In most constant pressure filtrations reported in the litera- 

ture, volume vs. time and the liquid content of the final cake are 

the data usually obtained. In addition, we measured cake thickness 

and hydraulic pressures (Fig. 4)  as functions of time. Thickness 
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CAKE FILTRATION 1361 

300 
3 
v) p 200 

KAOLIN MP 
r=0.05 p.365 kPo 

I I I I I I I I 

0 1000 2000 3000 4000 

TIME t (11 

Fig. 4 .  Hydraulic pressure vs. time for 5% kaolin UP at 
365 kPa. 

vs time permits calculation of the average porosity. 

the pressure profile allows R to be separated from Rc. 

Knowledge of 

m 

Pressure Drops across Cake and Medium 

At the beginning of filtration, all of the applied filtration 

As filtra- pressure p was used to overcome the medium resistance. 

tion proceeded, the cake thickness increased, and the pressure 

drop across the cake rose gradually. The pressure drop across the 

cake Apc is calculated by Apc = p-p1 where the hydraulic pressure 

at the medium-cake interface p1 was measured during the experiment. 

Figure 4 shows the variations of p1 and Apc with time. 

p1 dropped relatively fast at the beginning of filtration. 

the initial value of Rm/aav was approximately 7 (units of kg/m ) 

whereas a more typical value might be 0.5. Because of the large 

value of Rm, the pressure drop across the medium decreased slowly; 

and Apc never exceeded 75% of the applied pressure. 

The quantity 

However, 
2 
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1362 LEU AND TILLER 

Increase  i n  Medium Res is tance  -____ 

The medium r e s i s t a n c e  was c a l c u l a t e d  by means of R = pl /uql .  

Medium resis- 
m 

F igure  5 shows Rm became l a r g e r  as t and w 

t a n c e  was doubled i n  about  1500 s. Beyond 1500 s t h e  r a t e  of 

i n c r e a s e  dropped. 

(10”) m-’ and t h e  average s p e c i f i c  flow r e s i s t a n c e  aav changed from 

0.781 and 1.17(10 

i n c r e a s e d .  
C 

The medium r e s i s t a n c e  ranged from 5.20 t o  11.38 

11 ) m/kg over  t h e  per iod  o f  50 min. 

The experimental  r e s u l t s  R vs .  w a s  shown i n  Fig. 5 can be m C 

adequate ly  f i t t e d  by Eq. (5) i n  t h e  form 
-O.0lwc L 

I (7) 
11 R, = 10 (11 - 5.7e 

Calcu la ted  v a l u e s  according t o  Eq. (7) a r e  a l s o  shown on Fig. 5 .  

The i n c r e a s e  of R was i n d i c a t i v e  o f  medium c logging  phenomenon. m 
Fine p a r t i c l e s  migrated i n t o  t h e  i n t e r s t i c e s  o f  t h e  f i l t e r  medium 

Fig. 5. Medium r e s i s t a n c e  v s .  t ime and d r y  s o l i d  mass 
p e r  u n i t  area for 5% k a o l i n  MP a t  365 kPa. 
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CAKE FILTRATION 1363 

and resulted in an increase of medium resistance. Measurement of 

turbidity supported this explanation. The slurry was composed of 

kaolin MP and prefiltered tap water with an average turbidity of 

0.35 NTU (Nephelometic Turbitity Units, 1 NTU = 0 .25  ppm). How- 

ever, turbidity of the filtrate was found to be as high as 19 NTU. 

This was a strong evidence that fine particles passed through and 

were deposited in the pores of the filter medium. 

Resistance Plot 

Plots of p/uq and pt/pv vs. wc are shown in Fig. 6. The lines 

have been drawn so that the slope of pt/uv vs. wc line is exactly 

half of the slope of p/uq line. Figure 6 is similar to Fig. 1 in 

which the conventional constant pressure filtration theory was 

illustrated. According to Eqs. (1) and ( 2 ) ,  plots of p/pq and pt/uv 

vs wc are straight lines when R, and aav are constant. 

As experimental results fit the straight lines perfectly, we 

may draw the wrong conclusion that all the assumptions involved 

5 I 1 1 1 I 

'y CONVENTIONAL ANALYSIS 
'2 4 -  KAOUN MP 
$ r=0.05 p.365 kPa 
1 - 3- 
W 

OO i I0 Ib 2b 2; x) 

MASS OF DRY CAKE PER UNIT AREA w,(kg/n?) 

Fig. 6 .  p/uq and pt/p vs. wc for 5% kaolin MP at 
365 kPa. 
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1364 LEU AND TILLER 

i n  conventional theory a r e  va l id .  

a constant value of a = 1.38(10 

would have been reported from t h e  slope of t h e  r e s i s t ance  p lo t .  

11 This value i s  about 19% too  high as compared t o  a 

ca lcu la ted  a t  a Apc of 266 kPa and time of 3050 seconds. 

o ther  hand, i f  we take  t h e  in t e rcep t  of 4.50(10 ) m - l  a s  Rm, t h e  

constant value i s  about 13% t o  60% lower than t h e  ac tua l  medium 

res i s t ance  which ranges from 5.20 t o  11.38(10 ) m- . 

In normal p rac t i ce  of t h e  pas t  

) m/kg a t  a pressure  of 365 kPa 11 
av 

= 1.17(10 ) m/kg 

On t he  

av 

11 

11 1 

I f  Rm were constant,  t h e  r e s i s t ance  p l o t  would have a concave 

shape i n i t i a l l y  with an increasing slope as time proceeds a s  shown 

i n  Fig. 2.  However, t h i s  curvature can be o f f s e t  by t h e  clogging 

e f f e c t  and a s t r a i g h t  l i n e  r e s u l t s .  This shows t h e  danger involved 

i n  using t h e  method of conventional da ta  ana lys i s .  I t  is only 

through measurement of Apc and t h e  pressure drop across  the  medium 

t h a t  erroneous conclusions can be avoided. 

Effect of Pressure 

Figure 7 dep ic t s  e f f e c t  of f i l t r a t i o n  pressure  on t h e  change 

of  medium res i s t ance  with 5% kaol in  MP. 

from 7 . 0  t o  8.7(101') m - l  i n  3000 s; while a t  365 kPa, Rm changed 

from 5 .2  t o  11.3(10 Increase 

i n  medium res i s t ance  was more s ign i f i can t  under loner  f i l t r a t i o n  

pressure.  

A t  665 kPa, Rm changed 

11 ) m - l  i n  t h e  same period of time. 

A t  a higher pressure,  more f i n e  p a r t i c l e s  a r e  forced i n t o  t h e  

i n t e r s t i c e s  of t h e  f i l t e r  medium a t  t h e  s t a r t  of f i l t r a t i o n .  There- 

f o r e ,  t h e  qklean'q medium res i s t ance  at t = 0 was higher f o r  higher 

pressures.  However, as t h e  cakes formed a t  high pressure  were more 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CAKE FILTRATION 1365 

E 
K 

0 2Ooo 4000 6000 

t (a) 

Fig. 7.  Medium resistance vs. time for 
5% kaolin UP at 365, 515, 
665 kPa. 

resistant and had smaller pores, fewer particles were able to migrate 

through the cake into the medium than at lower pressure. 

ties for the filtrate collected at 365 and 665 kPa were 19 and 13 

NTU which supported the above explanation. 

Turbidi- 

Effect of Slurry Concentration 

As shown in Fig. 8, the medium resistance for filtering the 

kaoline MP slurry with s = 0.15 was much h gher than filtering the 

other two slurries with s = 0.10 and 0.05. Because of cake formed 

by the slurry with s = 0.15 was more open, there were more opportun- 

ity for fine particles to migrate. 

clogging was encountered. 

Therefore, more serious medium 

Effect of Compressibility 

The behavior of attapulgite, a very compressible material, was 

also investigated. Highly compressible materials generally have open 

structures with porosities in the 0.90 range. They frequently exhibit 
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0 1000 2000 3000 

? ( 8 )  

Fig .  8 .  Medium r e s i s t a n c e  v s .  time f o r  5, 10, and 
15% kaol in  MP a t  365 kPa. 

t ( 8 )  

I X AlTAPULGlTE 
p = 365 kFa 

25 - 

- 5  

0 I 2 3 4 

WC (kg/m2) 

F i g .  9 .  Medium r e s i s t a n c e  v s .  t ime and dry 
s o l i d  mass per u n i t  area f o r  1% 
a t t a p u l g i t e  a t  365 kPa. 
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CAKE FILTRATION 1367 

substantial surface activity and may form loose combinations with 

water. Painchaud (1978) showed that increasing pressure on attapul- 

gite in a compression-permeability cell resulted in a steep rise in 

medium resistance. The cake was assumed to have deformed under pres- 

sure and passed into the interstices of the medium. 

At a filtration pressure of 365 kPa, the pressure drop across 

the cake was only 155 kPa after seven hours. 

sumed a large fraction of the pressure drop. 

changed from 1.5 to 29(10 

Fig. 9. Migration of attapulgite particles into the medium was more 

significant as compared to kaolin MP and caused a twenty-fold 

increase in medium resistance in four hours. 

The filter medium con- 

The medium resistance 
12 ) m-l in about four hours as shown in 

NOTATIONS 

Concentration, mass of dry cake per unit volume of filtrate, 
kg/m3 

Constant parameter in the Eq. (S), m /kg 

Applied filtration pressure, Pa 

Hydraulic pressure at distance x from medium, Pa 

Hydraulic pressure at interface of medium and cake, Pa 

Pressure drop across the cake, Pa 

Superficial velocity of liquid, m/s 

Average superficial velocity defined as v/t, m/s 

Total resistance in filtration, including cake resistance 
R 

Cake resistance, l/m 

4 2  

and medium resistance Rm, l/m 
C 
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1368 LEU AND TILLER 

Rm 

Rmf 

Rmo 

RP 

S 

t 

V 

W 
C 

Medium Resistance, l/m 

False medium resistance, l/m 

Resistance of clean medium, l/m 

Ultimate medium resistance, l/m 

Mass fraction of solids in the slurry, (-) 

Time, s 

Filtrate volume per unit filtration area, m /m 

Mass of dry solids per unit area, kg/m 

3 2  

2 

Greek Letters 

Average specific filtration resistance, m/kg 
%V 

a. Initial specific filtration resistance at p = 0, m/kg 
S 

Viscosity of liquid, kg/m*s 
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