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Table 1. Experimental Conditions
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The particle-packing structure of alumina slurry was evaluated by constant pressure filtration. The cake forming

behavior were classified into four patterns by plotting the resistance of the formed cake as a function of the parti-

cle volume in the cake; the plots were �a� a straight line, �b� a convex curve, �c� a concave curve, and �d� the

combination of a concave curve and a flat line. A method of a estimation of the distribution of packing fraction

in the formed cake was proposed. The distribution of packing fraction in the formed cake could be calculated

unless the average packing fraction of the cake increased as the filtration proceeded ��c� concave curve�. It was

found that the distribution of packing fraction estimated by the proposed method was in good accordance with

the experimental value obtained by g-ray transmission measurement.
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1. Introduction

It is important to accurately evaluate slurry properties

for the optimal design of final products in wet shaping

processes.1�–3� In previous studies,3�–5� the properties of a

product, such as density, can be estimated not on the basis

of apparent viscosity,6�,7� which is one of the conventional

parameters in ceramics industry, but on the particle packing

ability of the slurry.3�

From this viewpoint, we proposed hydrostatic pressure

measurement and analyzed particle settling and depositing

behavior in detail.8�,9� Furthermore, the apparent weight flux

ratio was introduced for the estimation of the final packing

fraction of sediment in a gravitational sedimentation test.10�,11�

In addition, we also reported the dependency of pressure on

the packing ability of slurries by constant pressure filtration.

In our previous reports,4�,5� we proposed a new analysis

method of constant pressure filtration in which we focused not

on the filtrate but on the particle volume in a formed cake. We

reported that the average packing fraction of a formed cake

can be evaluated more easily using this method. It was also

shown that the filtration behaviors and the mechanisms of

cake formation were classified into four patterns.4�

The objective of this study was to estimate the distribution

of packing fraction quantitatively in a formed cake from the

time change of filtrate and to compare the actual measurement

value by the g-ray transmission method.

2. Experimental procedures

2.1 Materials and slurry preparation

Slurries were prepared from a-Al2O3 powder �AES–11E

with an average particle size of 0.48 mm, Sumitomo Chemical�

and distilled water by ball milling for 1 h. Polyacrylic ammo-

nium �molecular weight is 6000–10000, Toa Gosei� was used

as the dispersant. To prepare the slurries with different filtra-

tion behaviors the content in each slurry was determined on

the basis of the results of a previous report.4� The preparation

conditions are summarized in Table 1 in detail. The slurries

were degassed for 10 min by vacuum treatment and then sub-

jected to constant pressure filtration.

2.2 Constant pressure filtration

The prepared slurry was poured into an acrylic cylinder with

an inner diameter of 35 mm and then pressurized at specified

pressures using air. The filtration pressure was 200 kPa for

slurries 1, 2 and 3, and 100 kPa for slurry 4.4� The initial slurry

volume was 90 ml to obtain a cake with a measurable height.

The time change of the filtrate was measured using an electric

balance and recorded on a computer. After filtration cake

thickness was measured at five different points of the cake and

the average was used for the analysis.

2.3 Measurement of packing fraction distribution

The distribution of packing fraction in the formed cake was

measured using a g-ray densitometer �GD–5000AV, Earthnix

Co.�. To neglect the error caused by the drying of the cake,

density was measured from the point 2 mm below the top sur-

face of the cake at intervals of 5 mm. In this method the cake

density, r can be calculated from the intensity of transmitted

g-ray, I, by Lambert–Beer's law as described by Eq. �1�.

I�I0 exp��ar� �1�

Here, I0 is the intensity of incident g-ray and a is the experi-

mental coefficient determined by a calibration test using water

and a slurry with a known concentration.
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Fig. 1. Schematic illustration of filtration pattern.

Fig. 2. Filtration patterns obtained from prepared slurries. �a� Slur-

ry 1 �pattern A�, �b� slurry 2 �pattern B�, �c� slurry 3 �pattern C�

and �d� slurry 4 �pattern D�

Fig. 3. Packing fraction distribution measured using g-ray transmis-

sion densitometer for filtration pattern A.
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3. Results and discussion

3.1 Filtration patterns

Results of constant pressure filtration were analyzed using

Eq. �2�4�,5� in which the variable was not the conventional

filtrate [but the particle volume in the formed cake LF.

P

mS 2
[

dt

d[
�

F

�1�F�3
�LF�Rm�� �2�

The plot on the left side of Eq. �2� versus LF is called the

filtration pattern. As mentioned in a previous report,4� the

filtration patterns are classified into four patterns; pattern A

�an upward-sloping straight line�, pattern B �a concave

curve�, pattern C �a convex curve�, and pattern D �the com-

bination of a concave curve and a flat line�. Figure 1 shows

the schematic diagram of typical filtration patterns.

Figure 2 shows the filtration patterns of prepared slurries.

Slurry 1 showed pattern A �Fig. 2 �a��, slurry 2 pattern B

�Fig. 2 �b��, slurry 3 pattern C �Fig. 2�c�� and slurry 4 pat-

tern D �Fig. 2�d��.

The mechanisms of cake formation corresponding to each

filtration pattern have already been mentioned in elsewhere;4�

thus the distribution of packing fraction in the formed cake

was tried estimating from the time change of filtrate in this

study. In addition, we compared the calculated values with the

actual measurement values obtained by the g-ray transmission

method.

3.2 Distribution of packing fraction in formed cake

3.2.1 Filtration pattern A

For filtration pattern A, the average packing fraction of the

formed cake should be constant during filtration.4� Figure 3

shows the distribution of packing fraction measured by the

g-ray transmission method. From this result, it was shown that

the local packing fraction of the formed cake was almost con-

stant and consistent with the average packing fraction for

filtration pattern A.

3.2.2 Filtration pattern B

For filtration pattern B, the average packing fraction of the

formed cake increased as filtration proceeded. The local solid

compressive pressure at the same distance from the bottom

increased with cake height; therefore, the lower layer of the

formed cake was compressed by the increased compressive

pressure, the average packing fraction of the cake increased

as the filtration proceeded.4�,12� However, we could not identi-

fy where in the cake and how the compression of the cake

occurred.

3.2.3 Filtration pattern C

For filtration pattern C, the average packing fraction of the

formed cake decreased as filtration proceeded. The total pres-

sure drop of the cake is equal to the filtration pressure and is

constant under constant pressure filtration. Therefore, the

pressure gradient of cake decreased as cake height increased.

If the packing fraction of the upper cake decreased with

decreasing pressure gradient, the average packing fraction

decreased, resulting in pattern C.4�,13� Supposing the local

packing fraction of the formed cake does not change by fur-

ther compression, the distribution of packing fraction in the

final cake can be calculated from the time change of filtrate as

mentioned below.

Taking the differential of Eq. �2� for F and [, we obtain

the following equation.

D �
P

mS 2
[

dt

d[��
F2

�1�F�3
q

F�q ��
2

F
�

3

1�F

�
1

F�q�[DF�D[� �3�
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Fig. 4. Calculation model of packing fraction distribution for filtration pattern C.

Fig. 5. Comparison of packing fraction distribution between calcu-

lated and experimental vales for filtration pattern C.
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We can determine the value of the left side of Eq. �3�, D	�P


mS 2
[
��dt
d[��, corresponding to the given change in the

filtrate, D[, as shown in Fig. 4. Furthermore, we can calculate

the average packing fraction of the final cake by the following

mass balance equation because the final thickness of the

formed cake was measured after filtration.

LF�q�[�L� �4�

Therefore, applying Eq. �3� to points A and B in Fig. 4, we

can determine the difference in the average packing fraction of

the cake between points A and B. Here, the packing fraction

of the formed cake at point B, F1, does not change according

to the assumption; F1 can be calculated using the following

equation.

DF�F�F1 �5�

The cake thickness L also changes with the change in filtrate

D[. The change in cake thickness DL corresponding to D[can

be determined using the following equation derived from the

differential of Eq. �4�.

DL�
�q[

�F�q�2
DF�

f

�F�q�
D[ �6�

Substituting DF determined using Eq. �3� into this equation,

the change in cake thickness between points A and B, DL1, can

be obtained. Cake thickness at point B, L1, can be determined

by the following equation.

DL1�L�L1 �7�

In addition, the local packing fraction of a newly formed cake

after point B, F1, can be determined by the material balance

of particles in the final cake as described by the following

equation.

FL�F1L1�F1�DL1 �8�

The distribution of packing fraction of the formed cake at

point B can be determined by repeating the above calculation

for points B and C. Furthermore, the distribution of packing

fraction in the final cake can be determined completely by

repeating this calculation procedure until the starting point in

Fig. 4.

Figure 5 shows the distribution of packing fraction for slur-
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Fig. 6. Schematic illustration of cake formation for filtration pat-

tern D.

Fig. 7. Filtration pattern of slurry 4 as function of revised particle

volume in formed cake.

Fig. 8. Packing fraction distribution measured using g-ray trans-

mission densitometer for filtration pattern D.
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ry 3 �Fig. 2�c��. In this figure the open marks show the meas-

urement values obtained by the g-ray transmission method

and solid marks show the values calculated by the above

procedure. The measured and calculated average packing frac-

tions were both 0.5, and the calculated local packing fractions

were also consistent with the measured values. From this result

it was shown that the local packing fraction of the formed

cake decreased with an increase in cake thickness for the slurry

with filtration pattern C.

3.2.4 Filtration pattern D

Figure 6 shows the schematic illustration of the cake forma-

tion mechanism for the slurry with filtration pattern D. For

the slurry with filtration pattern D, particle settling velocity

cannot be neglected; therefore, most of the particles formed a

cake in the middle of filtration by settling �stage I in Fig. 6�

and then the liquid left above the cake passed through the cake

�stage II in Fig. 6�.4�,14� In this case we should consider the

effect of particle settling on the calculation of particle volume

in the cake, LF, and modify Eq. �4�. Supposing that the par-

ticle settling velocity is u, the material balance is,

dL�q �d[�dL��qu dt� �9�

and the integral form of Eq. �9� is

LF�
qF

�F�q�
�[�ut�. �10�

The time at which the all particles finished settling is te, the

filtrate at that point is [e, and the initial slurry height is H0;

therefore, the material balance is

LF�
qF

F�q
�[e�ute��qH0 �11�

Finally, the particle settling velocity u is expressed by the fol-

lowing equation.

u�
1

te �
F�q

F
H0�[e� �12�

Substituting u determined by Eq. �12� into Eq. �10�, we can

calculate particle volume in the formed cake take into con-

sideration particle settling during filtration.

Figure 7 shows the revised filtration result for slurry 4. In

this case, the particle settling velocity determined using Eq.

�12�, u, was 7.34�10�7 ms�1. From this result the revised

filtration pattern was almost straight line, suggesting that the

local packing fraction of the formed cake should be constant

in accordance with the same reason as that of the filtration

pattern A.

Figure 8 shows the distribution of packing fraction meas-

ured by the g-ray transmission method. From this result, it

was also shown that the local packing fraction of the formed

cake was almost constant and consistent with the average

packing fraction for filtration pattern D.

4. Conclusion

The distributions of packing fraction in the formed cake

were estimated from the time change of filtrate for three typi-

cal filtration patterns; pattern A �an upward-sloping straight

line�, pattern C �a convex curve� and pattern D �a combina-

tion of a concave curve and a flat line�. By comparing with the

actual measurement value obtained by the g-ray transmission

method, it was shown that the calculated local packing frac-

tions were consistent with the measured values for these three

filtration patterns.

Nomenclature

I �intensity of detected g-rays �s�1�

I0 �intensity of incidentg-rays �s�1�

a �experimental constant �kg�1m3�

r �density of slurry or cake �kgm�3�
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C0�nonadsorbed dispersant concentration at 35 vol�

�kgm�3�

k �Kozeny constant ���

L �cake thickness �m�

Mq�dispersant dosage of slurry with concentration q

�mg
g Al2O3�

M0�dispersant dosage of slurry �q�0.35� �mg
g Al2O3�

P �filtration pressure �Pa�

Rm�medium resistance �m�1�

Rm��coefficient defined by Eq. �3� �m�

S[�specific surface area of particle �m�1�

t �filtration time �s�

[ �filtrate volume per unit area �m�

q �solid concentration of slurry ���

F �packing fraction of cake ���

m �liquid viscosity �Pas�
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