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Abstract-The constitutive equations proposed by Tiller and Shirato were analyzed and a new constitutive equation
originating from the sediment thickness was proposed. A new boundary condition of the filter cake based on the solid
compressive pressure of the first solid layeivps also proposed. Accurate average specific cake resistances at various
pressures and the thickness of cake were calculated with the new constitutive equation and boundary conditions. The
influence of pon the cake thickness and average porosity was studied theoretically. Using three constitutive equations,
it was proved that the compressibility n obtained from filtration results instead of CPC (compression-permeability cell)
of very compressible cake could not have an exact value.
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INTRODUCTION experimental results. The cake thickness and the limit of compres-
sibility by filtration experiments will be calculated by using consti-

Modern filtration theory originated from the Ruth’s Compres- tutive equations and theoretically explicated with the above con-
sion-Permeability Cell (CPC) [Ruth, 1946]. He established a meth-ceptions.
od of studying the internal structure of a cake by measuring the spe-
cific resistance of a cake having uniform porosity with CPC at var- THEORETICAL ANALYSIS
ious pressures. Grace [1953] performed CPC experiments for vari-
ous particulate materials and measured the relation of specific resid= Analysis of the Constitutive Equations of Tiller and Shirato
tance to the solid compressive pressuréiller [1953] started study- Tiller [1955] proposed constitutive equations as below based on
ing the phenomena inside the cake by calculating the distributioflCPC experiments as Fig. 1. Egs. (1) and (2), which are a little dif-
of liquid pressure using a simple compression test and numericderent from the initial form [Tiller, 1955], have been established
integration. This calculated liquid pressure distribution was provedand used until now.
experimentally by Okamura and Shirato [1955]. When pis greater than g Fig. 1.

Tiller [1955] analysed CPC results and proposed that the poros-
ity and the specific cake resistance are related to the solid compressive =2l @
pressure by a power function above a certain pressarg sud- 1-e=Bp! @
denly become constant below the pressure. Shirato [1970] succeed
in representing the above conception with one equation; futhermort
this equation gives smooth change at the vicinity,.cfiler and
Crump [1977] accepted Shirato's equation with a small modifica-
tion.
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Fig. 2. Compression-permeability cell [Tiller, 1977].

Egs. (1) and (2) show that the average specific resistaraag
solidosity, (X ¢), are solely functions of solid compressive pres-
sure, p The constants “a” and “n” in Eq. (1) and “B” an@ n
Eq. (2) can be determined with the slopes in Fig. 1. Among the fou
constants, the “n” alone has the name “compressibility”. A cake i

“n”is larger than 1.

The characteristics of a cake are determined by above four co
stants. The average specific cake resistance and the distribution
porosity through a cake can also be calculated with the constants.

When pis smaller than;p
a=a=ag=constant
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1-&=1-g=Bp’=constant

S
incompressible when n is zero, and extremely compressible wheft
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Fig. 3. Specific cake resistance vs. solid compressive pressure of
calcium carbonate cake by Shirato’s equation.

(1-9)/(1-&)=(1+p/p.)’

The new equations require determinatioor o€, and p.

Fig. 3 is obtained with the constants proposed by Tiller and Crump
[1977] for calcium carbonate. As shown in Fig. 3, there is only a
small difference between Egs. (1), (3) and Eg. (5). The specific re-
sistance is constant below 1 kPa in the figure; this is identical to
Eq. (3). After a smooth change between 1 to 10 kPa, a straight line
yvith slope is followed for the larger solid compressive pressures;
this phenomenon is the same as Eq. (1). In a recent paper Tiller et
|. [2001] also analyzed the characteristics of a compressible cake
with Egs. (5) and (6). But they do not explain why the porosity and

©

r{he specific resistance are constant at low solid compressive pres-

. Problem for Calculating Average Specific Resistance with-
out p; or p,

In order to calculate the average specific cake resistance from
above constitutive equations which are induced from the experimen-
tal results of CPC, Eq. (7) is usually applied. This equation can be
derived from fundamental notion of cake filtration, but we omit the

Egs. (3) and (4) signify that cake porosity and specific resistancelerivation process because it is a formula frequently used.
do not change under a certain value of solid compressive pressure,

p.- The point of contact between the straight line with slope and par- 4 =

allel line to x axis is pn Fig. 1. The pn the figure is 0.2 psi, name-
ly 1.4 kPa. But we think that the existence ofquid not be ver-

Ap,
“dp,
I

™

ffied visually even in Fig. 1, which was presented as a proof of the - Boundary conditions of Eq. (7) are established as follows. The
pressure by the originator. And furthermore, we could not find anysolid compressive pressure, @ the interface between cake and

theoretical basis of the constancy of porosity and specific resis
tance at the range of pressure smaller than 1.4 kPa.

suspension is null, and that at the interface between cake and filter
medium is the pressure drop in cadg. All the researchers and

Actually, it is possible that the friction between the cake and theengineers who have been engaged in filtration use these boundary

wall of CPC may prevent the reduction of the cake at small pres
sure. By the friction, the porosity and specific resistance may no
change below;@s shown in Egs. (3) and (4). Therefore, we think

conditions; the appropriateness of these conditions will be discussed.
U The integration of Eq. (7) using Eq. (1), i.e., without using Tiller's
p or Shirato’s p gives

that this phenomenon would be a special characteristic of a CPC,

and could not be applicable to cake filtration.
To modify the sharp change atand simplify Egs. (1) to (4),

Tiller and Crump [1977] proposed Egs. (5) and (6) which were the

maodifications of the equations originally proposed by Shirato et al.
[1970]. Tiller call Egs. (5) and (6) as “Shirato’s equations”, and we
shall use the expression also in this paper.

ala,=(1+p/p.)" ®)

Ap. _a(1-n)Ap,
Jﬂpcd_Ps Ap: "
0 ap:

The values ofr,, at different filtration pressures also can be ob-
tained from filtration experiments. When the relationship between
a,, andAp; is drawn in logarithmic scales, the slope represents the
cake compressibility, n, according to Eq. (8). This method of deter-

ay = =a( 1-n)Ap; ®)
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mining the compressibility is commonly used by engineers and reare negative when the compressibility, n, is greater than 1. So Eq. (12)

searchers, and is recognized as reasonable for cakes having cormvalid for all values of “n”. As shown in Fig. 3, Tiller and Crump

paratively small compressibility. [1977] accepted the merits of Shirato’s equation, i.e., the positive
But Eq. (8) has a critical defect. When compressibility, n, is great-average specific cake resistance and the smooth variation of spe-

er than 1, the average specific cake resistance is negative accordinific resistance in the vicinity of,pand they gave up the concep-

to EqQ. (8). A negative value of average specific cake resistance iton p.

impossible in cake filtration. 3-3. Physical Significance of gnd p
Carman [1938] expressed compressibility which is measured by The apparent meaning qfgmd p is that the porosity and spe-
filtration experiments as Eq. (9). cific resistance do not change below the solid compressive pres-

sures. As mentioned before, we cannot find an acceptable physical

0o 0AD: ©) meaning of these pressures. At this stage it is important that the cal-
For cakes with small compressibility, Eq. (9) is identical with Eq. culated average specific cake resistance of a very compressible cake
). (n>1) is negative without the conceptiooipp.

Ruth’s fitration equation is usually expressed as 4, Porosity Variation at Extremely Low Pressure by Sedimen-

tation
dv _ A (10) Shirato et al. [1983] sedimented a suspension completely and

q ==
dt  p(a.W+*R,) measured the final height of the sediment. This procedure has no

Filtration pressure)p [Pa], and viscosity [kg/m-s], have posi- direct. connection with the operation of filtration. Bgt the partigu-
ive values; dry cake mass per unit area of filtration, W [Rgisn ~ 1ates in the lower part of sediment support the weight of particles
zero or positive; and fiter medium resistance[iR 7, has large I the upper part. The solid compressive pressure increases with
positive value. Therefore, the negative average specific cake resid?€ depth of solid. Experimental results with compressible material
tance means that the liquid must flow toward the direction of ap-demonstrated that an increase of mass of two times does not give
plied pressure. This phenomenon is actually not possible, so Edjouble se@ment height. The measured he|ght is smaller than ex-
(8) cannot be applied to the cake which has compressibility greatepected- Shirato et al. [1983] proved by sedimentation experiment that
than 1. Itis also doubtiul applying the equation to a cake having comthe porosity of the sediments of ferric oxide, Mitsukuri-Gairome

pressibility close to 1, e.g. 0.8 or 0.9. clay, and zZine oxide decrease even at very low splid cqmprgssive pres-
3.Role of p or p, Calculating Average Specific Cake Resis-  SUres; i.e., as low as 100 Pa. e Eq. (2) of Mitsukuri-Gairome
tance clay thus obtained is 0.101, and that of other two materials are 0.096
3-1. Average Specific Cake Resistance by Tiller's p and 0.094. According to the equatipns of Tiller gnd Shiratq3 the
Substituting Eq. (1) and Tiller's Eq. (3) into Eq. (7) leads to must be zero at such a very low solid compressive pressure.
They also calculated the average specific resistance by measur-
-_Dp. _ Ap, _ a(1-n)Ap, (11) ing hindered sedimentation velocity at very low solid compressible
" Jﬂpcd_Ps I dp. Jﬂpcd_Ps Ap; "-np " pressure. The experimental results are a little dispersed, but in gen-
®ag " ad eral they coincide with the extrapolation line of CPC results. It means

. . . that the Egs. (1) and (2) are valid until a very low solid compres-
1I13|fcflefrent f_rIE)"m Eq'd(E)’ Egéélzl) cannot dbti rt:)g:es:neq |fn aaTI'mp"'sive pressure. Tiller and Leu [1983] mentioned that Egs. (1) and
ed form. Tiler and Leu [ ] propose hatthe value stsm . {(2) can be applied down to very small solid compressive pressure
enough to be eliminated for a cake having moderate compressibi or cakes of small compressibiity which have smaliqpugh to
be ignored. Shirato did not apply the above experimental results to
cake filtration theory.

The first author [1986] of this paper proved by experimental means
d th . hl h d (L) i Yt the porosity of a very compressible cake having n=1.13 also
rop across the caklp,, is much larger than, @nd (En)isneg- o eases as Eq. (2) until very low solid compressive pressure of

ative. The numerator and denominator are negative altogether, SPpa (not 1kPa) using bentonite floc. With these facts, the whole
the average specific cake resistance has positive value. This means '

that Eq. (11) is valid when “n” is greater than 1. We assumed th xpression prgcedure of a gake formed by bentonite floc is galcu-
o . ated and verified by experiments [Yim and Kwon, 1997]. Tiller
this is the main role of p

3-2. Average Spedific Cake Resistance by Shirafo's p and Leu [1982] thought that ip greater than 1 kPa for such ex-

Substituting Eq. (5) to Ed. (7 i st . tremely compressible cakes based on CPC results.
ubstituting Eq. (5) to Eq. (7), average specific resistance is calg Proposed Constitutive Equation
culated as follows.

With the above complete sedimentation results, it is not possible

ity. In this case Eq. (11) is identical with Eq. (8).

In this equation the “a” anfip, are positive. When n is greater
than one, (2n) is negative. Thus the numerator of Eq. (8) is neg-
ative. The denominator has negative value, because the pressi

_ Ap, _a,(1-n)Ap. . to expound on Tiller's Egs. (3), (4), and Shirato’s Egs. (5), (6). We
o dp, - Ap " (12) think that the constancy of porosity less than 0.2 psi in Fig. (1) orig-
ﬁ a,(1+p/p.)" pﬂ[%Jr p, J _1} inates from the friction generated between cake and cell wall. Ac-

cording to complete sedimentation results of a very compressible
Eqg. (12) also cannot be represented in a simple form. In most casesaterial, we propose that Egs. (1) and (2) are valid until very low
Ap, is greater than,pthe average specific cake resistance in the solid compressive pressure.
equation is positive because both the numerator and denominator For p>0, i.e., for all of the solid compressive pressures

March, 2003



The Role of R B, and Pin Constitutive Equations and New Boundary Conditions in Cake Filtration 337

been adopted in filtration for a long time.
In this study, we want to examine the first solid layer where the
O - O suspension enters the cake. A precise definition of the first solid
O layer is not easy, but as a matter of convenience a solid layer dis-
® tinguished from the second solid layer is assumed as shown in Fig. 4.
O o) The weight and drag force of the first solid layer pushes the sec-
O b= dp ond solid layer. The particles in the second layer rearrange by the
O O o Mo =0 forces. The porosity and, in case of floc, specific surface also change
s = according to the forces.
p = dp - pt But the particles of the first solid layer do not change in porosity
cake Ps = Dt nor any other characteristics by their own small weight or drag force.
This concept is the important point of our theory.
In this study, the solid compressive pressure of the first solid layer,
p=0 p., is defined as the sum of drag force and the weight of the first
solid layer divided by filtration area. We think that the average po-

ps =4pc , ” , X
B rosity and average specific cake resistance is largely affected by
=4 p- 4 Pm the p
Fig. 4. Boundary conditions of a filter cake. At the first solid layer, the solid compressive pressure changes
from zero to p The change of solid compressive pressure at the
first solid layer does not influence the porosity and the specific resis-
a=apl (13) tance. So we propose a hew boundary condition of a filter cake close
1- =Byt (14) to the suspension as
The calculated average specific resistance is negative when com- A=tp~p (19)
pressibility is greater than one, as mentioned earlier at the analysis p=p (20)
of Eq. (8). This defect can be corrected with the following new con-

cept The value of pis very small during the procedure of cake filtra-
P . tion. The operation of squeezing water out of previously filtered
6. New Boundary Condition . . . ) . .
o ! . - cake with a piston is called expression. In the operation, the solid
A schematic diagram of a filter cake is shown in Fig. 4. Almost . . ) . .
i compressive pressure which directly pushes the particles touching
all engineers and researchers, except ourselves, use boundary con- " o
. ! e piston can be termed asThe p at the start of expression is
ditions of a filter cake as follows. . ; )
. very small, becomes larger during operation, and finally reaches the
The pressures at the cake surface closest to the suspension are . ;
expression pressure. Yim and Kwon [1997] calculated the whole
p=4Ap (15) expression procedure with the above conception, and verified the
calculation with experimental results.
7. Calculation of Average Specific Cake Resistance with New
Here, pis the liquid pressure adg is filtration pressure. Eq. (15) Conceptions
means that the liquid pressure at the starting point of a cake is fil- Substituting the new constitutive equation, Eq. (13), and new
tration pressure. With this notion, the solid compressive pressure poundary condition, Eqg. (20), to Eq. (7) gives average specific cake
at the starting surface of a cake was assumed zero as Eq. (16), amdistance as

has been used very widely. Shirato et al. [1967] applied this notion

p.=0 (16)

to the expression procedure. In this paper, we protest against Eq. arav=A|OCd_|Of =ApC;p‘=a(1_n)1(f‘_)C 1_,‘:‘) (22)
(16) for applying to filtration. J";"Czps Jﬁ"’“_ps (Bpo) "=

The boundary condition of solids closest to the filter medium is apl

p=Ap, a7 Compared td\p,, the pin Ap,—p) is sufficiently small to be ne-

glected, and the result can be expressed as
P.=Ap.=Ap-Ap,, (18)
- a(17n)Ap,
Liquid pressure transforms into drag force during the flow through % ‘W 22)
the interstices of cake, and the drag force pushes the solid particles
toward the fitter medium. The solid compressive pressyiie,gen- The numerator is negative when n is greater than 1. And the de-
erated by the drag force; thus the liquid pressyrdepreases. The nominator is also negative becausenjis negative andp, is much
liquid pressure at the end of the cake has very smallAalue/hich greater than,plt means that the average specific cake resistance of
is the pressure drop across the filter medium. The solid compresa very compressible cake thus calculated is always positive. So Eqg.
sive pressure at the pointp—Ap,. This means that all of the pres- (1) can be applied to very compressible cake as we proposed. The
sure drop across the cake,, has been transferred to the cake par- equations proposed for calculating average specific cake resistance
ticles at point of contact between the cake and the filter mediumare presented in Table 1.
The above concepts are the ordinary boundary conditions that have The average specific cake resistances by Tiller and Shirato are

Korean J. Chem. Eng.(Vol. 20, No. 2)
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Table 1. Average specific cake resistances by Tiller, Shirato and 1-£=4.09%x10° 23 (24)
Yim
= - That is, a of Eq. (1) is 2.87x1.@Gnd n is 1.125. This cake is ex-
Average specific Boundary  Equation tremely compressible by the definition of Tiller and Horng [1983].
cake resistances conditions _ no. With our experimental apparatus, it was not possible to measure
Tiller a = a(1-n)Ap, p.=0 (12) below 1.45x10Pa.
Y Api " -np " p=Ap, 2. Determination of p of Tiller, and p, of Shirato
Shirato ___a(1-n)Ap, p=0 (12) Tiller determined the value ofip Eq. (3) with the experimental
Ao = Ap p.=Ap, result of CPC, as illustrated in Fig. 1. But the existenceisfot
pa[%J“ 0 ‘T ‘l} found in our CPC results in Fig. 5.
) _ i _ The value of pin this study was determined by Eg. (11) using
vim aavza(}—nn_)Al—ﬁ ps:zf (22) the experimental average specific cake resistance obtained by fil-
Ap; " —pr P=50: tration at 1.0x10Pa as follows.

p=92 (Pa)

based on the hypothesis that .the pprosity and the specific rGSiSt"er'fﬁler and Leu [1982] indicated thatip small enough to be ignored
do not change under a certain solid compressive pressure. But We . mo derately compressible cake, and is abtl@a for a

propose that the por osity and specific resistance changes unti Ve\%ry compressible cake. The cake formed by bentonite floc is ex-
low solid compressive pressure, and also propose that the boungd-

. i . ! . remely compressible, but theipmuch smaller than expected. It
ﬁh?;;g:lggligflg (;?ke begins with the solid compressive PresSUI not possible to measure the value afg, 92 Pa, with CPC. The
yer. p of Tiller's experiment in Fig. 1 is 1,390 Pa.
To know thea, and p of Eq. (5) proposed by Shirato, we as-
sume that the,jis p of Tiller. Thena, andg, can be fixed with the

CPC results measured at high solid compressive pressures.

EXPERIMENTAL

A pressure filter with 4.0 cm diameter was used for ordinary fil-
tration. Compression-permeability cell of the same diameter was a=4.55x16(1+p/92)** (25)
adopted for estalphshmg consitutive equations. Sedimentation tests 1- £20.9820% (1+§O2) ™ 26)
were performed in a 8.5 cm cylindrical cell.

After drying the bentonite particle at 11 sieving was per-  Our new concepts suggested in this study do not need the above
formed with 100 mesh sieve, then suspension was made with theonstants.
fine particles. Filtration, CPC, and sedimentation experiments were The three constitutive equations and experimental CPC results
performed with the flocs flocculated by cationic polymer floccu- are shown in Fig. 6.

lant having molecular weight of 10 The blank circles that are a little smaller than experiment one
connected by a line represent Tiller's constitutive equation. The spe-
RESULTS AND DISCUSSION cific resistance is constant under 92 Pa. Shirato’s constitutive equa-
tion is expressed with rhombuses. Almost all of the calculated val-
1. Experimental Results of CPC ues coincide well with Tiller's equation except at the vicinity of 92

Bentonite suspension was flocculated with the anionic flocculantPa, i.e., p The small black points represent the constitutive equa-
The floc was filtered at 1,000 Pa. Experimental results of CPC withtion proposed in this study. The three constitutive equations and

preformed cake are shown in Fig. 5. experimental CPC results coincide well at higher solid compres-
We carried out two sets of CPC experiments for the bentonitesive pressure. It means that the Egs. (23), (25), . apdape pro-
floc, and have the constitutive equations as perly suggested.

(4=2.87x10p 23) To verify what is the correct constitutive equation among the equa-
o * tions of Tiller, Shirato, and ourselves, it must be known whether
1.E+14 1.E+15

@
@
o @ 1.E+13
3 1.E+13 ® ’_‘c»
=< e =<
IS R (@' e 1.E+
S 152 o* = —o—Tiller
¢ Shirato
1.E409 . e Yim
O Experiment 1 O Experiment 1
1EH1 : AL 1E407 C 4 Expefivent 2
1.E+04 1.E+05 1.E+06 0.1 1 10 100 1000 10000 100000 1000000
Ap [Pa] Ap [Pa]

Fig. 5. Experimental results of compression-permeability cell with Fig. 6. Experimental results and theoretical constitutive equations
bentonite floc flocculated with cationic polymer flocculant. proposed by Tiller, Shirato, and Yim.
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y =0.686 x + 1.005
1EH1 RP=092 o

Qav.f [m/kg]
7
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|OQ Hlnf
]
PN

 1.E400 : ) /

—O—Tiller

1E408 3 Shlrato 2
o—Yim

1 E407 O Experimental Data 25

] 10 100 1000 10000 100000 1000000 ~45 —43 -41 89 87 85 83 81 =29 =27 -25
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Fig. 7. Average specific cake resistances by experiments and by Fig- 8. Relation between final equilibrium height and total solid
various constitutive equations. volume per unit area.

the specific resistance or porosity would or would not change apressures are much smaller than 92 Pa, i.e.; tfehe floc, but

pressure lower than 92 Pa. the value of b is 0.686 instead of 1. The values of BGwfiEq.
3. Average Specific Cake Resistances by Experiments and Con- (2) are obtained from the constants in Eq. (27) as follows [Shirato
stitutive Egs. etal., 1983].

The average specific cake resistances calculated by equations on

Table 1 and measured with constant pressure filtration at various B =— f — (28)
filtration pressures are shown in Fig. 7. a'{ (. ~p)a}
The p suggested in this study is the solid compressive pressure g=1-p ©9)

originating from the drag force by flow and weight of the first solid ' ' ' .
layer. The value of,an be calculated with Eq. (22) and average Hence, the relationship between the porosity and solid compres-

specific cake resistance measured by filtration experiment. sive pressure of the floc sediment can be written with Bzasi
Eq. (30).
p=36 (Pa)
1-£6.76x10° %4 (30)

Inversely, the average specific cake resistances at various pres-

sures can be calculated by Eq. (22) and thigvyerage specific The B value 0.314 of Eg. (30) by sedimentation coincides well
cake resistances calculated by the equations of Tiller, Shirato, ugith 0.317 of Eq. (24) determined by CPC within the experimental
and that by constant pressure filtration are shown in Fig. 7. We caarror limits. But the values of B are 0.00676 and 0.00409, respec-
see in Fig. 7 that all of the calculated values by three different equaively. The difference is not small. We think that further study about
tions coincide well, and they also coincide with the eight experi-the difference is necessary. Anyhow, it is evident that the porosity
mental average specific resistances measured at the pressures frehanges continuously until 0.88 Pa according to Eq. (30). The po-
0.91 kPa to 202 kPa. Although a filtration experiment was performedosity variation signifies that the specific resistance also varies at a
at the lowest pressure possible, the pressure was still too high tow solid compressive pressure as Eq. (23).

prove the concepts of Tiller and Shirato. Shirato et al. [1983] proved the variation of porosity for ferric

4. Measurement of Porosity at Low Pressures by Sedimenta- oxide, Mitsukuri-Gairome clay, and zinc oxide at solid compres-

tion sive pressures from 100 to 1,000 Pa, but they did not apply this ef-
If the concept of Tiller or that of Shirato is true, the porosity re- fect to the calculation of average specific resistance.

mains constant under the solid compressive pressargpi.e., 5. Calculation of Sediment Height by New Concept

92 Pa in this case. It means that the sediment of the floc has uni- When Eq. (30) is valid until very small solid compressive pres-
form porosity when the bottom solid compressive is smaller thansure and the first solid layer pushes the following solids, the height
92 Pa. Then the height must be directly proportional to the floc massf the sediment could be calculated with following procedures.

But Shirato et al. [1983] proved that this is not true and proposed Eg. (31) is given by the filtration area A, the porosity a very

Eq. (27). thin layer of solids dL, the mass of solid in the thin layey, dnd
H,=ak @7 the solid density,.
AdL)(1-¢)p,=dm, (31)

where H, [m] is the final height of the sediment, amg[m®n] is
solid volume per unit area. The a' and b are constants defined by The downward force exerted by the particles of masédnater
this equation. The value of b is 1 only when the porosity does notan be expressed with gravitational and buoyant force as Eq. (32).
change with the height of sediment.

The equilibrium heights of bentonite floc in a cylindrical cell of (dm)g—(d m)Bg =dF (32)
8.5 cm diameter are represented in Fig. 8. The maximum solid com- Pe
pressive pressures of the solids in the bottom calculated from thia this case, the solid compressive pressyras plefined as Eq.
mass of floc are from 0.88 Pa to 26.3 Pa. These solid compressiy@3).

Korean J. Chem. Eng.(Vol. 20, No. 2)



340 S.S.Yim et al.

%1[_ L EQ dm, the two solid compressive pressures are too small to be measured.
_dF_“Y H We think that poriginates in the drag force, particle mass and buoy-
d AT A 33) ancy

6-2. Cake Thickness and p
Depending on the new concepts, cake thickness is determined
dm, _ 1 dp, (34) by p, filtration pressure, and cake mass per unit area. ; Thest
A (1-pp)g ly arises from the rate of flow. It has relatively high value at the ini-
- . : tial period of filtration due to the high rate of flow, and has small
Substituting Eq. (34) into Eq. (31) yields values during the rest of the filtration period. The thin cake at the
dL=—2>L  pow_dDs (35) initial period of filtration has denser structure resulting from the high-
(0, —P)™ (1-¢) er p. The dense cake has high average specific cake resistance. This

The p,...is the solid compressive pressure exerted by the total WeigHQhenqmenon is experimfentally measured by the first autho'r [Yim
of solid in water, and; s that by the first solid layer pressing down aEdHK'm’ 200031' tThtE per;}ocil gf(.Jlxe:nedt.by th\;—.\vphenomen(;)r;;t very
the next solid layer. Substituting Eq. (30) into Eg. (35) at the placeS ort compared to the whole filtration time. We presumedtisat p
of (1- &), and taking differentials of Eq. (35) leads to constant during the filtration process. All of the calculated average

' ' specific cake resistances in Fig. 7 are from the same valye of p
1 1(Pempi ) (36) i.e., 36 Pa. In spite of the wide difference in filtration pressures, the

L= . . .
(p,—P)9B 1B calculated results coincide well with experimental results.

The p.Can be calculated by the mass and solid density of Sedt-h'TI?e thicl;nesks OJ Ct?lke char;ges ifnTrI(IeIatiorg.tgrpE calclugI’a6t§dh
iment. The equilibrium height of the sediment was 1.1 cm with 0.8 g ickness of cake by the equation of Tiller and Cooper | ] have

floc in 8.5 diameter cylindrical cell. It was the smallest mass 'rhatber"‘n mocified according 1o oug pnd the f:a!culated resul§ are
had been tested, and the,was 0.88 Pa. The s 0.01 Pa calcu- shown on Table 2. The cake mass per unit filter area, W, is 3.2 kg/

. e ) n?, and the filtration pressure is’Fa.
lated by Eq. (36) with equilibrium height L,.jp, B, andB. With i . .
this p, the equilibrium heights for the various floc mass are calcu- The experimental cake thickness was 3.8 cm at the pressure and

lated and illustrated in Fig. 9 with the experimental sedimentationthe cake mass, and it coincides with the calculated thickness 3.85
results. cm based on, pf 36 Pa. Themf 36 Pa was calculated by the ex-

The calculated results based on our new conceptions coincid erimental average specific cake resistance and Eq. (22). It signi-

well with the experimental results. The fact connotes that the poros-IeS that .the cake th|ckness can be predicted with p
For Filtration, it is not possible to change the value ef pur

ity changes at the low solid compressive pressure range from 0.01 . o .
Pa to 26.3 Pa, i.e., Egs. (2) and (30) are valid at this range of soli wn will. In the equilibrium state of the CPC test, the piston pushes

compressive pressure. It was not possible to find the experimen irectly on the upper part of the preformed cake. Thus the value of

evidence for proving the existence of the authors successfully P at the equiliorium state is 1Ba, and that of,p, s also 10Pa.

applied our new conceptions to the expression of oil from rapeseeahe calculated cake thickness jn this case is 7'.14 mm (in fact we
at a high pressure of 9a [Yim and Kwon, 1997]. used 99999.9 Pa asfpr convenience of calculation). The meas-

6. Discussion about p ured cake th|cknes§ in QPC was 7.1 mm. - .
6-1. Analysis of p The two cases, filtration and CPC, which can be verified experi-
The solid compressive pressure of the first solid laydn fioc mentally, give the coincidence between calculations and experiments.
he other thicknesses calculated are assumed to be correct. The new

sedimentation is calculated as 0.01 Pa, and that in cake filtration i . ; ) )
b{jones for hindered sedimentation [Yim et al., 1995] and expres-

calculated as 36 Pa. The difference is caused by the drag force qK 199 d o the basis of th
the flow through the particles in the first solid layer in filtration. Nat- on [¥im and Kwon, . 7] were proposed on the basis ot the re-
lation between cake thickness and solid compressure of the first

urally, a drag force does not exist in the equilibrium sediment. Prov-"""
. : : - solid layer.
ing the existence of, py experimental means is difficult, because

Hence,

Table 2. Cake thickness, average porosity and solid wt percent in

0.2
function of p; (W=3.2 kg/n?, pima=10 Pa)

015 Py [Pa] Cake thickness [m] &, Solid wt%
€ 0.01 3.85E-01 0.997 0.82%
= o1 /0 0
H 0.1 1.95E-01 0.994 1.61%
* 1 1.01E-01 0.989 3.08%
00 P —— 10 5.38E-02 0.979 5.70%
o ‘ — calculation with new conception 36 3.85E-02 0.971 7.85%
0 5 10 15 P 25 100 2.97E-02 0.962 10.01%
mass of solid [g] 1000 1.73E-02 0.935 16.46%
Fig. 9. Calculated sedimentation thickness by new conception and 10000 1.07E-02 0.896 24.94%
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6-3. Average Cake Porosity and p be applied to cakes which have the compressibility below about
Using the concept of filler and Leu [1982] presented the cal- 0.6, but it may be inaccurate for materials having larger compress-

culated results that average porosity of a cake hardly changes witbility.

the increment of filtration pressure. Although this description is right,

it is possible to obtain a cake having small average porosity, i.e., a CONCLUSION

cake of higher solid content, by increasipngqeording to Table 2.

The methods of increasing theage, for example, pushing the cake By analyzing the constitutive equations of a cake, the real mean-

surface directly with a piston as CPC, or centrifugal filtration. Table ing of the equations was studied. The variation of porosity at very

2 indicates that the average porosity would decrease to a large elow compressive solid pressure is confirmed by the equilibrium height

tent when pincreases only a hundred Pa. This phenomenon canef the sediment. Based on the phenomenon, a new constitutive equa-

not be calculated with the conceptions of Tiller nor Shirato. tion was proposed. And a new boundary condition of cake was also
7. Maximum Compressibility Measured by Experimental Fil- suggested by analyzing the structure of filter cake. The new consti-
tration tutive equation and new boundary condition were proved with fil-

Instead of CPC test, compressibility of a cake is generally detertration experiments from 0.009 atm to 2 atm. The height of sediment
mined with Eq. (9) by filtrations at several pressures. But the comwas calculated with the above new concepts, and proved experi-
pressibility determined by filtration experiments has theoretical limi- mentally. The meaning of the solid compressive pressure of first
tations. According to the constitutive equations suggested by Tillersolid layer, p proposed in this study was suggested. The influence
Shirato, and this study, the compressibility of a very compressibleof p to the cake thickness is analysed theoretically. Finally, the fact
cake by filtrations is always smaller than 1. In fact, the compressis proved that determination of compressibility by filtration experi-
ibility measured by CPC is frequently larger than 1. ments is not possible in case of a very compressible cake using three

In Eq. (11) derived from the Tiller's constitutive equation, when constitutive equations.
compressibility is 3 and js 1 kPa, the valu@p!™is 10" and nji"
is 3x10° Thus in the denominatofy@ "—n@ ™), ng™" is greater ACKNOWLEDGEMENT
thanAp: " about 30,000 times. Neglectitg: ™" in Eq. (11) yields
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