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Abstract-Experimental measurements were made of the average specific cake resistance during the initial period 
of cake flltl-atioll, alKl the theoretical calculations about the period were also peffomled. The "iilb-alion-pemleation 
method'' in the filtration cell of small area was used to measure the flow rate during the initial period of filtration, which 
is essentially characterized by the large flux due to fast flow rate and the rapid change of flow rate within a relatively 
short time interval. The measured average specific cake resistances of thin cakes which represent the cakes of initial 
period had very large values compared to the overall average specific cake resistance. This experimental result was 
contrary to the conventional theory about the initial period. Applying the "unified theory on solid-liqnid separation" 
to the initial period, the average specific cake resistances at the initial period can have the large values--more than two 
times greater than that of the overall value. 
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I N T R O D U C T I O N  

The theory of cake filtration has developed significantly dmng 
the past 50 years. We now have knowledge about the distribution 
of pressure and porosity in a filter cake, about filtration with very 
compressible cake, about dense skin and also about filtration with 
sedimentation. But due to experimental and theoretical difficulties, 
the knowledge about the phenomena during the initial period of 
filtration developed slowly. As axperimental results dia-ing the ini- 
tial period were not available, the influence of the initial period on 
the entire filtration was very difficult to determine. 

The so-called parabolic equation, which was proposed by Sperry 
[1917] and modified by Carman [1938] and used in plant opera- 
tions, is good for most cake filtration operations. The average spe- 
cific cake resistance is usually determined with this equation by 
measuring filtrate volume with respect to filtration time. The meas- 
urement of the exact filtrate volmne at the itfftial period is very dif- 
ficult As a result, experimental study of the initial period of filtra- 
tion was not possible before the present study. 

Carman [1938] assumed that the resistance of filter medium in- 
creases at the initial period by the clogging of  filter medium dur- 
ing the fonnatioi1 of filter cake, and thereafter the increment of fil- 
ter medium resistance ceases after the formation of filter cake. 
Tiller [1960] calculated the initial average specific cake resistance 
by a theoretical analysis for the phenomena during initial period. 
The calculated value of the average specific cake resistance at the 
initial period was smaller than that at the latter period. TiUer [1990] 
analyzed an accurate experimental filtration result using two to 
eight points of data from the beginning, and he concluded that the 
initial average specific cake resistance was small but the resistance 
of  filter medium at the initial period was large. 

In tiffs study, an experimental method, "filtration-permeaticxl:' 
developed by the author [1990] was applied. By this method the 
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average specific cake resistance can be measured not only with the 
filtration data but also with the permeation data. The average spe- 
cific cake resistance for very thin cakes was measured by the "fil- 
tration-permeation" method. The average specific cake resistances 
at the initial period were calculated with the '%tnified theory on 
solid-liquid separation" which was also developed by the author 
[Yim, 1996; Yim et al., 1997]. 

THEORY 

1. Analysis of Filtration Procedure by the Conventional No- 
tion 

The equation representing the cake filtration originated from 
Darcy's equation [1856], and now the following foml of equation 
is used. 

dV AP 
- (1) 

dt ~t(%~ W+ R,,,) 

At constant pressure filtration, it is normally considered that the 
pressure drop across the cake and filter medium AP and the vis- 
cosity of liquid g are constant. The separation of solid particles in 
suspension is performed at the cake surface, so the resistalce of a 
filter medium R~ remains constant during cake filtration if there is 
no migration of small particles in the cake. This subject will be dis- 
cussed later. 

The value of average specific cake resistance c(~ remains con- 
stant dumg the entn-e filb-ation procecha-e by conventional cake fil- 
tration theory. Thus, the one variable for cake fillration of constant 
pressure is the mass of solid in filter cake per unit fillration area W 
in Eq. (1). At the moment of starting filb-ation, there is no cake on 
a filter medium. The mass of cake increases as filtration proceeds, 
and this decreases the rate of filtt-ate dV/dt by Eq. (1). Eq. (1) does 
not give any clue for analyzing the initial period of filb-ation. With 
this equation, there is no difference between the cake of the initial 
period and that of the latter perio& 
2. Theoretical Prediction of Average Specific Cake Resist- 
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Fig. 1. The pressure drops in cake filtration. 

anee during Initial Period by Tiller 
Tiller noted that tile ratio of 0~ W and R,, in E% (1) is very dif- 

ferent between the initial and latter period of filtration. At the mo- 
ment of starting filtration, all of the pressure drop for filtration AP 
acts tilrough tile filter nlediunl only as there is no filter cake. Ariel- 
that moment, avery thin cake as shown inFig. 1 is formed and the 
pressure drop for filtration AP is divided into tile pressure drop 
across the filter medium and across the filter cake. Finally, the value 
of g~ W becomes much greater than that of R~, and almost of all 
pressure drop AP acts through tile cake. During all of tile filtra- 
tion proce&lre, overall pressure drop AP is the sum of the pressure 
drop across the cake AP~ and across the filter medium AP~ as 
shown in Eq. (2). 

Ap +Ap~ =Ap (2) 

The summation of the above is as follows. The overall pressure 
drop AP is constant during all of the filtration proce&are for con- 
stant pressure filtratioi: At tile start of filtration, APe is zero and 
AP~ is AP. And AP~ increases nearly to AP, and AP~ decreases near- 
ly to zero witilin a relatively short period. 

Ruth [1946] invented an apparatus called a compression-perme- 
ability cell (CPC) with which theoretical study for the internal cake 
sb~acture became possible. Tile CPC gives tile relation between tile 
specific cake resistance and solid compressive pressure as below. 

c~=a_p:' (3) 

The values of 'a '  and 'n', which are determined by the CPC data, 
represent tile ct~-acte:istics of a cake. We call tile value of 'n '  tile 
compressibility of a cake. The P, in the equation, which is the solid 
compressive pressure, is the pressure applied on the solid parti- 
cles of  cake. 

The g in the equation is not the average specific cake resistance 
~ measured by experimental cake filtration, but the specific resist- 
ance of a cake which has uniform porosity. Uniform porosity can- 
not be obtained by conventional filtration except for an incompres- 
sible cake, which is very rare for plant operation. 

The relation between 0~ and 0~ is convelNoually expressed by 
Eq. (4) which has been used since the early 1950's to calculate the 
average specific cake resistance with CPC data. 

Ap~ c%- (4) 
I2P' clp._.2 

C( 

Eq. (5) is obtained by substituting ~ of  Eg  (3) into Eq. (4). 

The above equations, which are the basic concepts for cake filtra- 
tion, have been established since 1960 when Tiller analysed tile 
phenomena about the initial period of filtration. 

Tile analysis of Tiller [1960, 1990] about tile initial period was 
based on Eq. (5). As melNoned above, the APc at the beginning of 
filmation is zero, and it increases to AP according to the thickness 
of cake. Thus, tile value of  APe at tile beginning is null. 

The value of 0~ calculated by Eq. (5) with small ALP< is smaller 
than that with large kP c. Based on this calculated result, Tiller con- 
cluded that tile average specific cake resistance ~,v at tile initial pe- 
riod of  filtration is smaller than that at the latter period. 

Tiller [1990] analyzed accurate expelimental filb-ation results by 
Hosseini [1977] to prove his calculated result_ On the coutmry, the 
experimental results show that the combined resistance of the cake 
and mediunl at tile initial period is lalger thml tile calculated val- 
ues. He concluded that the mediura resistance increases at the in- 
itial period to a great extent, so the average specific cake resist- 
ance could be small at the period But the experimental result of 
Hosseini [1977], which had only two initial data points, shows 
merely slight increase of die Conlbined resistance of the cake and 
filter medium at the initial period. The two initial data points were 
in a region that is very difficult to measure. 
3. Theoretical Prediction of Average Specific Cake Resist- 
ance during Initial Period by the Unified Theory on Solid- 
Liquid Separation 

The author [1996, 1997] presented the "urlified theory on solid- 
liquid selmmtion ' ' which can describe the process of cake filtration, 
cake expression, hindered sedinlentatioll, and centrifugal filtration. 
The unified theory is based on DarcT/s equation and also the idea 
that the solid compressive pressure on a cake surface is not null but 
has different values accordkg to different solid-liquid separation 
operations. 

At tile initial period of filtration, tile rate of flow is sufficiently 
fast for exerting large drag force on the particles situated at the 
cake surface. The boundary conditions of a cake from zero to kP~ 
in Eq. (4) are not valid in tilis case. Tile particles of tile cake sur- 
face receive a certain value of solid compressive pressure p,.~ in- 
stead of zero. 

Then Eq. (4) becomes: 

Ape _ Ape _a(1 . . . . . .  n)kp~ (6) 
c%-[~,~(lp~ [,~ __ Ap~ P~,= 

ap~ 

We use tile same notion that tile APe is small at tile initial period 
of flltmtiort But the notion of the solid compressive pressure of the 
filter cake surface p,, ~ is suggested. By this new idea, the cake at 
the initial period may have smaller porosity than at the latter peri- 
od, because of the compression of the cake due to the large drag 
force fronl tile cake surface by rapid flow rate. A small diminution 
of cake porosity gives a great enlargeulent of average specific cake 
resistance. This phenomenon is included in Eq. (6). In conclusion, 
tile value of average specific resistmlce g~ could be increased even 
though tile APe is small at tile initial period of  filb-ation. 
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4. M e t h o d  of  Ca lcu la t ion  

As Tiller [Tiller et al., 1960; TilM; 1990] didnot clearly clescribe 
his calculating method of the average specific cake resistance at 
the initial period, the method presented below is based on his con- 
cept. 

At the moment of starting filtration there is no cake at all, so the 
pressure fox- fllli-ation is applied oxfly on the filter medium. The ve- 
locity of liquid which passes through filter medium is maxJmum 
at the moment, because the value of cake mass W in Eq. (1) is 
zero. The velocity of fllgate, dV/dt can be calculated with the me- 
dium resistance R~. After this moment, cake is formed correspond- 
ing to the volume of filtrate that passed through the filter medium. 
A very little amount of cake is formed after a very short period of 
time. 

The resistance of a cake at the initial period could be smaller 
than that of the filter medium. And the pressure drop across the fil- 
ter cake is smaller than that across the filter medium. The average 
specific cake resistance at the moment can be calculated by Eq. (5) 
with an arbitrary small pressure Ap~. To determine the cake mass 
~r Eqs. (7) and (8) are adopted by the conception of  Eq. (1). 

dV Ap~ 
dt q= btc%W (7) 

dV Ap Ap~ 
dt q: gR,,, (8) 

This and following concepts are developed in this study. The flow 
rate dV/dt in the above eqnatious means the flow rate of the frigate 
passed after the filter medium, i.e., the velocity at the empty tower 

vo. 
The same value of  dV/dt must be obtained by Eq. (1) which 

comprises the cake and filter medium, and by Eq. (7) for only the 
pressure drop across the cake, and by Eq. (8) fox the filter medium. 
Thus the mass of cake per unit filter area, W, can be expressed as 
below by Eqs. (7) and (8). 

W= Ap R,,, (9) 
(Ap-Ap~)c% 

The value of W is calculated with the average specific cake re- 
sistance. This means that the average specific cake resistance at any 
cake mass per unit filter area can be obtained by varying the value 
of  W. The above procedure is performed as the calculatioxl with 
the miffed theory. The flow rate of frigate dV/dt at the start of fil- 
gation is calculated by Eq. (1) assuming no cake. With this flow 
rate, the drag force acting on the first solid layer is determined. 

We assumed that the particles are spheres, which could be just- 
ified if the value of the N~.p is smaller than 50 [McCabe et al., 
1995]. The average particle diameter 10.6 bun determined by Mal- 
vern mastersizer was used. With these values, the value of N~.p 
can be calculated. The N~,p txqs a maximum value at the very first 
moment, and thereafter it becomes smaller by the decreasing flow 
rate according to increasing cake raass. Eq. (10) can be adopted to 
know the drag force. 

u ~ 24 , u ~ 
F~ = C~A~ p ~- =N--~, A s  }- (lO) 

The drag force pushes the solid layers situated below. The solid 
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compressive pressure (P,) of the f ~ t  solid layer is determined with 
the drag force and the porosity of first solid layer. It is the p~ ~ in 
Eq. (6), and with it we calculate the average specific cake resist- 
ance. The N~,p calculated without cake is 0.5, i.e. less than 1, so 
Eq. (10) can be applied to all of  the filtmtioxl procedure. 
5. Def in i t ion  of  the Init ial  P e r i o d  o f  Fi l trat ion 

In the conventional concept of filgation, the average specific 
cake resistance is constant during the entire filtration procedure; 
thus, there is no difference between the initial period and there- 
aftex~ By Tiller's mxqlysis, the average specific cake resistance at the 
initial period is somewhat smaller than that of the latter period But 
with the theoretical result of the 'unified theory for solid-liquid se- 
paration' proposed by the author, the average specific cake resist- 
ance at the initial period could have larger values than the latter pe- 
riod. The itfitial perkxt in fffis paper means the period during whirl1 
the average specific cake resistance is different from the latter peri- 
oct According to an example presented by Tiller et al. [1960], the 
initial period was wifffin two minutes after the start of filgation op- 
eration. 

E X P E R I M E N T A L  

1. Difficulties in the M e a s u r e m e n t  of  Exper imenta l  Data  dur-  

ing the Init ial  Per iod  o f  Fi l trat ion 

Initially, there is no cake upon the filter medium, and in the sue- 
ceeditg period there is oxfly a sraall amount. The overall resistance 
at this period is small, so the rate of flow is very fast compared 
with the latter period. It is impossible to measure the exact flow 
rate at any instant in this period, because the fast flow through the 
filter medium leaves the particles upon filter medium as a cake, 
and the formed cake reduces the flow rate x-apidly. The variatioxl of 
flow rate is too fast to be measured. 

This phenomenon has an influence on the measurement in real 
filtration experiments as follows. As the fast flow rate creates a 
surge to the surface of the liquid in the receiver of filtrate, it is dif- 
ficult to measure the filgate volume precisely. The initial period 
is within one or two minutes, so it is very difficult to measure the 
variation of the rate of flow accurately. There were many trials to 
measure the variatioxl of the rate of flow using a combinatioxl of  
the digital chemical balance and computer, but the exact measure- 
rae~lt was always tzindered by the roUing of water upon a balance. 

The difficulties in measuring the flow rate during initial period 
of filtration can be summarized as the large amount of filtrate due 
to fast rate of flow caused by thin cake, the rapid dlange of the rate 
of flow due to the fast formation of cake, and finally the short dur- 
ation of the initial period. 
2. E x p e r i m e n t a l  M e a s u r e m e n t  dur ing  Ini t ia l  P e r i o d  w i t h  

"Fi l t ra t ion-Permeat ion"  M e t h o d  

The author proposed an experimental tectmique tenned "filtra- 
tion-permeation" to study cake filgation. With this technique, we 
could determine the mass fi-action of cake for a floc filgation [Yim, 
1990a], the compressibility of a cake with oxlly one fllgation-per- 
meation experiment by stepwise pressure variation during the per- 
raeatioxl period [Yim, 1990a], the average specific cake resistance 
of materials very hard to filter [Yim, 1990b], and the phenomena 
about the filtration with sedimentation [Yim, 1999]. 

The procedure of"flltmtion-pemleatioxf' is that corrventioxlal ill- 
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tration is performed during the Nst  haft" of the procedure followed 
by tile permeation period dining which particle-eliminated water 
is permeating through the preformed filter cake. Average specific 
cake resistance during filtration period 0~,,yis calculated using fil- 
tration data and Ruth's equation as conventional filtration. 

During the permeation period, Eq. (1) is applied directly to the 
permeation data. Tile value of W, cake mass per unit filter area, is 
constant in the permeation period as all particles in suspension 
have akeady been changed into a cake. The pressure drop AP in 
constant pressure filu-ation, viscosity ~t, and tile resistance of filter 
medium R~ are also constant during the permeation period; 
the flow rate dV/dt must not change. With the flow rote dV/dt, av- 
erage specific cake resistance during permeation (x~,p can be calcu- 

lated with the equation. The co, f by filtration and 0~p by perme- 
ation must coincide if there were no other additional phenomena 
such as sedimentation during filtration or fine particle migration 
through cake and/or filter media [Yim, 1999]. When sedimentation 
occurs at tile filtration period, tile two values obtained are different. 
In that case, the real value of solid mass fraction of suspension S 
which entel-S into tile cake is changed by tile sedinlentation, and 
this value is very difficult to measure [Yim, 1999]. It is reasonable 
that 0~p during permeation represent exact average specific cake 
resistance because there is no sedimentation dm-ing permeation. 

In an ordinary BOchner funnel test, the filtration proceeds until 
all of the particles in suspension change into cake. The data for the 
initial period is very hard to obtain with titis procedure. If we re- 
duce the amount of the suspension to have a very thin cake which 
represents tile initial period of filtration, tile filb-ation is tenninated 
before we have measured the first experimental datum with an or- 
dinary BOchner fimnel. 

hi tiffs study, a film cake was foamed with small alnount of sus- 
pension and at the same time palticle-elimiuated water was added 
into the cell. The particle-eliminated water passed through the pre- 
formed thin cake. The average specific cake resistance o~,p can be 
measured with the permeating velocity dV/dt by the method men- 
tioned aheady. By selecting tile amount of suspensioIL a very dml 
cake with certain value of W can be formed and the average spe- 
cific cake resistance can be measured during the permeation peri- 
od. Tim experiment could be done for various values of cake mass 
per unit filter area YX[ This means that the average specific cake re- 
sistance at an instalce during die initial period cannot be nle~sured 
in conventional filtration because of the rapid charlge of the rate of  
flow, but it could be measured by "filtration-permeation" at any 
cake thickness. 

To measure the average specific cake resistance during filtration 
is not possible also, because the filtration period is too short to 
measure the flow rote. But the permeation period can be prolonged 
as long as we want to measure the flow late by adding the particle- 
eliminated water. 

With a conventional BOchner funnel the mass flux at the initial 
period is too large to be measured, because the mass flux of per- 
meate is very fast due to tile snlalh-esistance of tirol cake. Tile txob - 
lem is settled by adopting a filtration cell of small area, i.e., filtra- 
tion-pemleation was perfcmled in a cell of 1.5 cm diameter instead 
of  the conventional 4 cm dianleter cell. 

According to Eq. (1), the flow rote dV/dt withont cake is 5 cm/s 
through a filter medium which has tile R,,, of 10 ~ Ill -I at tile pressure 

of 0.5 atm, and for the permeation with particle-eliminated water 
of 22 ~ Tile mass flux with conventional 4 cm filter cell which 
has the filter area of 12.6 cm 2 is 63 cmVs. In this case normal fil- 
trate receiver of 400 cm 3 is filled up within 7 seconds during which 
exact measureme~lt is not possible. Tile mass flux with 1.5 cm cell 
which has the filter area of 1.54 cm 2 is 7.7 cmVs, and the time to 
be filled up is more than 52 seconds. Tile measurement.s can be 
performed accurately to some degree at this maximurn flow late. 
Even if the thinnest cake is formed upon the filter medium the 
flow rate becomes slow, so die measurement can be made more 
accurately. 

With '~fillration-permeation" in a cell with small filter area, the 
three difficult experimental problems for the initial period of filtra- 
tion can be settled. 
4. Experimental Apparatus and Methods 

A conventional BOchner funnel cell has an enlarged section to 

have large volurne of suspension with the same height. Consider- 
able amount of particles sedinlent upon file enlarged place. Tiffs 
pomon of particles does not contribute to filtration. In this study, 
a cylinchJcal cell with constant diameter was used to prevent file 
above effect. 

An aspirator for depressurizing the system always produces 
fluctuation of pressure which changes die structure of filter cake. 
A dO liter air tank was installed between aspirator and filtration ap- 
paratus. Before the start of filtration the air tank was depressurized 
to a certain pressure with aspn-ator; tile valve between t a n  and fil- 
tration unit was shut off during this operation. Then the valve be- 
twee~l asph-ator and t a n  was shut off, and tile aspirator was stop- 
ped. Suspension was poured into the filtration cell, and filtration 
operation begun by opening the valve between the filter unit and 
die air talk. All  of die filtration operation was perfonned by tile 
pressure of tank. 

The maximurn volume of filtrate was 400 mL and the volume 
of air tank was dO L; thus, the pressure variation between the start 
and the end of  filtration was 1%. The error arising from the 1% 
pressure valiation was included in die expelimental result. As all 
of the filtration procedure was performed by the pressure in the air 
tank, a leak in the connections had to be absolutely prevented. Es- 
peciaUy tile connecting part of tile support for filter paper and fil- 
tration cell was sealed with robber band to prevent the inflow of 
air. 

Calcium carbonate fabricated by Yakuri Pure Co. was used as 
filtering material. The volumetric average diameter of the particle 
was 10.6 ~AII1 measured by Malvem nlastel-sizel, and ~)% of parti- 
cle weight was larger than 1.0 gm. The calcium carbonate was 
kept at 105 ~ At every test, a part of the material was taken out 
and cooled in a desiccator during 30 minutes, and then the weight 

was measured. The aim of the above procedure was to prevent the 
en-or clue to humidity. 

Toyo Adventec 5C composed of paper fiber and cellulose filter 
medium for micro-filtration [MF membrane] fabricated by Micro- 
filtration System Co. with pore sizes of 0.8 ~i1, 0.45 gnl, and 0.1 
p, in were usec[ Conventionally, die dlm-acteristics of filti-aticxl could 
be changed with filter media [Yml, 1998], but there was not noti- 
ceable difference in expeiimental results between above filter me- 
dia. 

W:ater passed through reverse osmotic membrane was used as 
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particle-eliminated water. The flow rates of particle-eliminated wa- 
ter ffn-ough the filter medium were measured, and the rates of flow 
did not change for large amounts of particle-eliminated water 
passed through. 

At expermlentatioil, particle-elilninated water was added vei N 
carefully to the filter cell when about 80% of initial suspension had 
been filtered. Othea experimental operations were perfoImed as 
conventional filtration methods. 

RESULTS A N D  DISCUSSION 
Fig. 3. Filtration-Permeation result of CaCOs suspension (W= 

0.0136 kg/m 2) at 0.5 abn with 0.8 gm MF filter of 1.54 Cnl:. 

1. The Results of Conventional "Filtration-Permeation" 
A typical experimelltal result of "fillration-permeation" is pre- 

sented in Fig. 2. The 200 mL calcium carbonate suspension of 1 
wt% was filtered and pemleated at 0.5 abn with the fdter medium 
of MF membrane of 0.45 gm. The cake mass per unit filter area 
W was 1.44 kg/m 2 when all of the particles in suspension had been 
changed into cake. 

Filtration proceeds in the frost half of "filtration-permeation". In 
typical flltt-ation the relation between At/AV and V is represeiited 
by a straight line with a certain slope. With the slope the average 
specific cake resistance can be calculated, and in this case the val- 
ue is 5.62• ~~ in/kg. 

When all of the particles in suspension have been filtered, the 
particle-diminated water passes through the preformed filter cake, 
arm the black paints almost parallel to the x-axis in the right side 
of  Fig. 2 show this permeation period. The values of  At/AV are 
nearly constant clumlg this period, and tt~ means that the perme- 
ation velocity (AV/At) is constant throughout the permeation. The 
average specific cake resistance calculated with the value of At/AV 
and Eq. (1) is 6.89• TM in/kg. The difference of the values be- 
tween filtration and permeation is mainly due to the sedimentation 
during filtration operation [Yim, 1999]. The value measured dur- 
ing filtration includes the effect of sedimentation, but this effect is 
excluded during permeation [Yim, 1990a]. It should be mentioned 
again that the difference in average specific cake resistance of such 
extent does not influence the analyses of the phenomena of the in- 
itial period of filtration. 

The variation of  expelmlental data at the permeation period is 
due to the measurement of  time, i.e., the difference of 1 second 
gives a variation of points up and down as shown in the figure. 

The constant flow rate &MUg permeation means that the cake 
property is not changed by the operation of permeatiort When the 
small particles in cake are washed by particle-eliminated water 

through the cake and filter medium, the overall resistance and At/ 
AV must decrease. If small particles in the cake migrate and stop 
at the narrows, the resistance and At/AV increase. We can con- 
clude that the above two phenomena did not happen because the 
At/AV shows constant values during permeation. 
2. Average Specific Cake Resistance by the "Filtration-Per- 
meation" of Thin Cake 

Fig. 3 shows the "filtmtion-pelmeation" resulLs with a small 
quantity of suspension to make thin cake in a filter cell of small 
diameter. 

The cake mass per unit filter area W is 0.0136 kg/m 2 which is 
0.94% of the previous test. The filtration period is not shown in 
Fig. 3 because filtration had been finished before we measured the 
fn-~t ~xpermlealtal data. The average specific cake resistance can be 
calculated with the value of At/AV during permeation and Eq. (1). 
In conventioilal fllb-ation the resistmlce of the filter medium is fre- 
quently ignored as cake resistance is much larger than the resist- 
ance of filter medium for almost all of the filtration procedure 
[Grace, 1953]. In our case the cake resistance with small mass is 
not large enough to ignore the filter medium resistance. The resist- 
ance of  the filter medium was measured with particle-eliminated 
water. The value of R~ for MF membrane of 0.8 bun was 3.20• 
1 (Y m 1. The average specific cake resistance with the R~ and the 
value of At/AV is 1.91 • li1/kg; this value is 2.8 times greater 
than the previous result measured for the convelNonal filtration. 
3. Average Specific Cake Resistance at Initial Period Meas- 
ured by "Filtration-Permeation" 

Fig. 4 represents the average specific cake resistances obtained 
by the method already mentioned with varying the cake mass pea- 
unit filter area W. When W is greater than 0.1 kg/m 2 the average 
specific cake resistances are almost identical. The assumption that 
average specific cake resistance does not change clumlg filtration 
[Carman, 1938] is valid for this range of W. It is also an experi- 
mental proof that Ruth's equation can be applied to almost all of 

Fig. 2. Filtl~tion-Permealion result of 1% CaCOs suspension (W= 
1.44 kg/m:) with 0.45 gin MF membrane. 

Fig. 4. Measm~d average specific cake l~sistances for the various 
W of CaCOs suspensions at 0.5 bar with 0.8 gin MF Fdter. 

Korean J. Chem. En~(Vol. 17, No. 4) 



398 S.-S. Yim and J.-H. KJln 

Fig. 5. Calculated average specific cake t~estslances for various W 
by the notion of Tiller (+) and Yim (o). 

the filtration period. 
When W is less than 0.1 kg/m 2 the average specific cake resist- 

ances have larger values. Tile minimum value of W in our experi- 
ment was 0.00635 kg/m 2 and the average specific cake resistance 
in this case was 3.56• II m/kg. This experimental result is oppo- 
site to tile theory of Tiller [Tiller et al., 1960; Tillea, 1990], but coin- 
cides with the calculated result of the '~unified theory on solid- 
liquid separation" [Yiln et al., 1997]. 
4. Average Specific Cake Resistance in the Initial Period by 
Calculation 

In Fig. 5 the calculated values of average specific cake resist- 
ances by the procedure already mentioned are plotted against the 

W. 
Tile calculated resulLs by tile conception of  Tiller shows that 

very thin cakes, i.e., cakes which have small values of W, have 
snlaller values of average specific cake resistances. These calcu- 
lated results express Tiller's concept exactly. He insists that the 
pressure drop of cake kpc is small at the initial period as the re- 
sistance of cake is small clue to the small Pc, and the rest of  tile 
overall pressure drop acts across the filter medium. The small Ape 
yields the small average specific cake resistance by Eq. (5). But 
these calculated results are opposite to our experimental results. 

The calculated results by the method proposed in this study do 
not coincide exactly with tile expelimental results, but tllere ob- 
viously exists a similarity between the two results. The maximum 
calculated average specific cake resistance is two times greater than 
that of tile latter period. 

The concept of our theory is as follows. At  initial filtration peri- 
od the pressure drop across a cake is sraall clue to tile pressure dis- 
tribution with filter media, and this phenomenon can cause a re- 

duction of the average specific cake resistance as Tiller indicates. 
But the fast rate of  flow which is inevitable at the initial period 
gives more drag force to the particles composing the cake. The 
particles receive a not omittable drag force from the first solid lay- 
er, i.e. the first layer of cake next to suspensiort By this drag force, 

the cake is compressed; compressed cake has smaller porosity, and 
snlaller porosity enlarges tile average specific cake resistance to a 
great extent. The above concepts are included in the calculations, 
and same concepts are used for the calculation of expression pro- 
cedure and hindered sedinlentation proaedure in tile 'Mnified the- 
ory on solid-liquid separation". 

Tile calculated result by TiUer's conception of tile initial period 
could riot yield larger values of  average specific cake resistance 
than the latter period for other types of cakes also. But the calcu- 
lated average specific cake resistance by our "unified theory on 
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Fig. 6. Measm~l average specific cake l~sistances for the various 
W of CaCO3 suspensions at 0.5 bar with 0.1 gin MF Filter. 

solid-liquid separation" can yield larger or smaller values accord- 
ing to the types of  cakes and filtration conditions. 
5. Average Specific Cake Resistances According to Filter Me- 
dium 

It was assumed that filter medium did not have an influence on 
usual cake filtration. For properly selected filter media, practically 
tile same values of average specific cake resistance were measured 
for various filter moJia [Yim et al., 1998]. But this is not justified 
for tile initial period of filb-ation. We perfonned the same experi- 
ments with an MY filter of 0.1 grn and with the Toyo 5C and 5A 

filter papers. 
Tile average specific cake resistances lneasured for various W 

with 0.1 grn MY filter are presented in Fig. 6. The tendency is not 
changed, but the average specific cake resistance for the smallest 
W is 3.30• ~2 nl/kg which is nmch greater tllan that with 0.8 Nil 
MY filter. The average specific cake resistances for the large W 
with two different pore size filter media are practically tile same. 
The resistance of the filter medium of  the 0.1 jam MY filter was 
9.10• ~~ m -~ and that of 0.8 JAm MY filter was 3.20• ~ m -1. This 
difference is not a small one, but is natural if  we take into ac- 
count the difference of pore size. 

The large difference in average specific cake resistance between 
the two filter media could not be explained with the previous con- 
ceptiort The diameter of calcium carkxxaate particles was from 0.3 
bUll to 50 bull. So there exists orlly a very sraaU number of parti- 
cles under 0.1 bun. The number of fine particles does not greatly 
affect the mass fraction; thus, it is possible that there exists enough 
fine particles for dogging inside the pores of the 0.1 bull MF filter-. 
The clogging would give a large increase of the resistance. 

As tile increase is shown only for tile cake of W below 0.05 kg/ 
m 2, it is possible that the clogging would be interrupted after the 
formation of very thin cake. This phenomenon could happen to the 
0.8 bull MF filter, i.e., tile increase in average specific cake resist- 
ance in Fig. 4 was not by the decrease of the porosity in cake but 
by the clogging of the filter medium. The discussion about this 
subject will be continued to the next section. 

The experiments as of the previous method were carried out 
with a filter- nledium of Toyo 5C and 5A as shown in Fig. 7. Tile 
retained diameters of Toyo 5C and 5A media given by the manu- 
facturer are 1 bun and 7 gin, respectively, and the average pore di- 
anleters calculated by tile method proposed by tile author [1998] 
with the pemleation velocity of particle eliminated water; tile thick- 
ness, and porosity of filter inediunl were 0.95 bUll and 2.80 bUll, 
respectively. Tile average pore sizes of Toyo 5C and of 0.8 JAra 
MY membrane are similar but the experimental results are some- 
wtxqt different. Tile fonner is composed of a bed of fibers, and tile 
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Fig. 7. Measured average specific cake resistances for the various 
W of CaCO3 suspensions at 0.5 bar Toyo 5C and 5A filter. 

latter is a single polymer sheet with numerous holes. The overall 
tendency of experimental results with fiber filter media (Toyo fil- 
ters) resembles closely the polymer media (MF filters); the differ- 
ent aspects are as follows. 

The increase in average specific cake resistance of polymer me- 
dia was detected below 0.1 kg/m 2 of W, and that of fiber filters was 
detected below 0.5 kg/ra 2. The fiber media have higher rate of in- 
crease in resistance than the polymer media. The stmc0are of fiber 
media can cause clogging more easily, arid can clog until tile for- 
marion of thicker cake. 

With the above experimental results and calculated results, it is 
difficult to say which (ale is die more important factor for die in- 
crease in average specific cake resistance during the initial pericxt 
between the cake compression by the "unified theory on solid-liq- 
uid separation" and filter medium clogging. 
6. Filtwation-Permeation with Fine Particle Eliminated Sus- 
pension 

To reduce the clogging of fme particles to the filter medium or 
filter cake, we performed the operation as follows to decrease fme 
particles before "filtration-permeation". 

Instead of 1 wt% suspension previously used, 2 wt% suspension 
was prepared and then precipitated. The solid blanket was not 
found at this concentration. After the sedimentation of fairly large 
particles, the pale milky white color of suspension indicates that 
fine particles are suspended in watel: Within 15 minutes only tile 
fine particles were suspended. 

At this moment 80% of the suspension was poured out, and 
then particle-elinlinated water was added to the sediment. The 
mix0are was agitated lightly, then precipitated again. This operation 
was repeated 9 ~nes to reduce fine particles. With the final sedi- 
merit, suspension for filtrarion-permeation was prepared. After fil- 
tration-permeation of thin cakes, the cake and filter medium was 
dried arid weighed in a balance. 

Experimental results with 0.45 grn polymer medium (MF filter) 
are shown in Fig. 8. We thought that fine particles were eliminated 
to a certain extent with the 9 times sedimentations. In this case 
also, the average specific cake resistances of very small W have 
large values. There was not much difference betwe~l the experi- 
mental results with and without sedimentation. We do not think 
that it is solid proof about the absence of clogging at the initial pe- 
riod of filtmtioi1 But the experilnental result gives the possibility 
of explaining the large average specific cake resistance atthe initial 
period with die "unified theory on solid-liquid separation". 

If  the large average specific cake resistance originates from the 
free particle migration and clogging at the narrows, there is no rea- 
son that tiffs phenolnenon could not be prolonged to the perlne- 

Fig. 8. Measured average specific cake resistances for the various 
W of l~me parlide efinilnated suspensions at 0.5 bar with 
0.45 ]xm MF Filter. 

ation period Then the values of dt/dV must increase during per- 
raeation period for tile filtmtion-pemleation of very small W. We 
could not find the above phenomenon in the experiments. 

CONCLUSION 

The rate of flow, file speed of cake fornlation, arid file rapid 
change of the rate of filtrate at the initial period of cake flltrarion 
are too fast to be measured with conventional filtmrion appam0as. 
To solve these problems, an experilnental nletilod, ~Tlltmtion-per- 
mearion", with a small area filtmrion cell was applied to cake fil- 
tmrion. By permeating the particle-eliminated water through very 
tirol cakes which represent the initial period of filb-ation, average 
specific cake resistances were measured. 

For calcium carbonate suspension, the above method was ap- 
plied and the following experimental results were obtained. The 
very thin cakes, which essentially have small values of cake mass 
per unit filter area W, have large values of average specific cake 
resistance compared to the comparatively thick cakes. To know the 
effect of the filter medium on the initial period, several filter media 
were tested such as 0.8 gm, 0.45 gm, 0.1 gm polymer membranes 
and fiber filters. All experiments show the large average specific 
cake resistances for very tilin cakes. 

Theoretical average specific cake resistances at initial period 
were calculated by Tiller's conception and the author's "unified 
theory on solid-liquid separation". By Tiller's approach, tile calcu- 
lated average specific cake resistances at this period were small be- 
cause of the large porosity clue to tile sraaU pressure drop across 
the thin filter cake. This theoretical result is contrary to the experi- 
mental results in this study. The calculated average specific cake 
resistalces at the period by the author's concept were lager than 
the latter period of  filtration. 

With the new conception the fast velocity due to thin cake thick- 
ness causes larger drag force to all of the particles from the first 
solid layer of cake, and the drag force reduces cake porosity The 
reduction of porosity results in large average specific cake resist- 
a n c e .  

And the effect of free parricle migration at the initial pericxt of  
filtration was explored with die sane experinlental technique for 
fine particle-reduced suspension by previous sedimentariort 
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N O M E N C L A T U R E  

AP 
AP~ 
AP,, 

P, 
R,, 
S 

Sc 
t 
V 
v~ 
W 

filtration pressure [Pa] 
pressure drop across cake [Pa] 
pressure di-op across filter medium [Pa] 
solid compressive pressure [Pa] 
resistance of filter medium [m -l] 
mass fi-action of solids m suspension which enters into a 
filter cake [-] 
mass fraction of  solids in cake [-] 
time for filtration [s] 
filtrate volume per unit filter area [m3/m :] 
velocity of fluid out of  packed bed [lifts] 
dry cake mass per unit filter area [kg/m 3] 

Greek Letters 

0~ �9 average specific cake resistance [m/kg] 
0L, I : average specific cake resistance by filtration [ln/kg] 
~ ,p  : average specific cake resistance by permeation [m/kg] 
g : viscosity of  filtrate [kg/ms] 
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