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Abstract−The entire procedure of hindered sedimentation has been calculated by the introduction of new boundary

conditions to the ‘unified theory on solid-liquid separation.’ During this study, the hindered sedimentation was defined

as ‘a process of sedimentation with transmission of the gravitational force between the particles due to contact.’ The

lower concentration limit, on which the ‘unified theory on solid-liquid separation’ is based, could not be applied. To

understand the mechanism of hindered sedimentation, variations in the porosity during sedimentation were calcu-

lated by using our theory.
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INTRODUCTION

Hindered sedimentation is widely used in solid-liquid separation

because the energy consumption is small and the efficiency com-

paratively high. However, the detailed mechanism remains to be

verified.

Richardson and Zaki [1954] proposed an experimental equation:

“the velocity of a solid blanket at the beginning of hindered sedi-

mentation was proportional to the terminal velocity of a free settling

particle and also to the exponent 4.65 of the porosity.” A further ex-

perimental equation was suggested by Maude and Whitmore [1958],

which used the exponent ‘n’ instead of the 4.65 suggested by Rich-

ardson and Zaki, where the value of ‘n’ was determined by the par-

ticle Reynolds number (NRe.p). These two experimental equations

are proposed for only the initial period of hindered sedimentation,

where the velocity of the solid blanket is constant, and so do not

have the theoretical background for explaining the phenomena dur-

ing hindered sedimentation of sedimenting particulates.

Compared to the above two studies, Kynch’s sedimentation the-

ory [1952] offers, to some degree, an analysis of the phenomena of

hindered sedimentation, as it is based on the phenomena during hin-

dered sedimentation. However, Kynch’s theory also considers the

linear velocity during the initial period, but cannot give an explana-

tion for the latter period when the velocity of the solid blanket con-

tinuously decreases.

Later, Tiller and Khatib [1984] analyzed the phenomena of hin-

dered sedimentation, but their analysis was composed of a series of

three different previously presented theories.

In this study, a theoretical calculation for hindered sedimentation

was performed by using the ‘unified theory on solid-liquid separa-

tion’ previously proposed by the authors [Yim and Kwon, 1997].

The calculation was based on the conception that the new expres-

sion theory proposed by the author [Yim et al., 2003] could be applied

to the hindered sedimentation theory. By applying new boundary

conditions to the expression theory, the whole procedure of hin-

dered sedimentation and the internal phenomena during sedimen-

tation were calculated. A further purpose of this study was to find

the lower concentration limit below which the ‘unified theory on

solid-liquid separation’ would no longer be valuable.

THEORETICAL ANALYSIS

1. Fundamental Concepts

McCabe et al. [1995] suggested: “in hindered settling, the veloc-

ity gradients around each particles are affected by the presence of

nearby particles.” From this interpretation, the theoretical explana-

tion for hindered sedimentation is very difficult. In this study, the

hindered sedimentation has been defined as a sedimentation proce-

dure with transmission of forces between solid particles. With trans-

mitting forces, contact between particles is inevitable.

For a fairly thick suspension, it has been postulated that the contact

between particles exists at the beginning of sedimentation, and due

to this contact transmission of forces exists between particles, which

then exert solid compressive pressure, ps. However, at the start of

sedimentation, the solid compressive pressure is considered small

enough to be neglected.

The particles lying on the bottom are subjected to bottom solid

compressive pressure, psb, exerted from the particles above. The psb

value is initially very small, but increases as the sedimentation pro-

ceeds, and finally reaches a maximum due to the weight of the totally

sedimented particles.

The solid compressive pressure at the solid blanket, i.e., the other

side of the bottom, is called the ‘upper solid compressive pressure,’

psu.

2. Theoretical Basis of Hindered Sedimentation

The authors [Yim and Kwon, 1997] proposed that the mechanisms

of cake filtration, expression, hindered sedimentation, centrifuga-

tion, and centrifugal filtration can be explained by the same concept,

with the differences between them occurring due to the operation

conditions. In this study, the boundary conditions of hindered sedi-

mentation were applied to the expression equations proposed by
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the authors [Yim et al., 2003], based on the ‘unified theory on solid-

liquid separation.’

3. New Boundary Conditions in Hindered Sedimentation

The assumed procedure of hindered sedimentation is as shown

in Fig. 1.

On the initiation of hindered sedimentation, i.e., t=0, the parti-

cles contact each other, but are all still floating in the liquid. Thus,

the solid compressive pressure, ps, in the direction of sedimentation

is almost negligible.

When sedimentation begins, t>0, the weight of the particles is

transferred in the direction of sedimentation and the solid compres-

sive pressure of the particles on the bottom begins to increase. The

psu, which is the solid compressive pressure of the solids compos-

ing the solid blanket, is very small, and referred to as psu, i. The psu, i

was assumed to remain constant during the sedimentation proce-

dure, but conversely, the psb to increase.

On completion of hindered sedimentation, t=∞, the psb reaches

its largest value, psmax, and originates from the total weight of parti-

cles. It was our assumption that the psu remains at the value of psu, i.

4. The Constitutive Equation for This Study

Another of our assumptions was that the equations shown in (1),

i.e., the constitutive equations, obtained by using the Compression-

Permeability Cell (CPC) developed by Ruth [1946] can be applied

to very low solid compressive pressure, which is the first time this

assumption has been made.

α=aps
n 1−ε=Bps

β (1)

Yim et al. [2003] proved by sedimentation experiments that the

equations shown in (1) were applicable to a very small solid com-

pressive pressure of 0.01 Pa. It has also been suggested that the lower

limit of this equation was 1 kPa [Tiller and Crump, 1977].

5. Sedimentation Velocity

The motive factor is the driving force for sedimenting particles

during hindered sedimentation, and decreases in this factor the sup-

porting force of solid particles at the bottom of the cell. This can be

expressed as Eq. (2) using a modification of Darcy’s equation.

(2)

Here, vo is the velocity of hindered sedimentation, A the cross-

sectional area of sedimentation, αav the average specific cake resis-

tance of the sedimenting particles, µ the viscosity of liquid and W

the total mass of solid particles per unit cross sectional area of sedi-

mentation.

The gravity force of the particles minus the buoyant force of the

solid particles in the liquid is the driving force for solid particles,

which can be expressed as Eq. (3).

driving force=gravity force−buoyant force

driving force=Fg−Fb=mg−ρgVs

driving force

driving force (3)

Here, m is the mass of solid particles [kg], ρs the density of solid

particles [kg/m3], ρ the density of liquid [kg/m3] and Vs the volume

of solid particles [m3]. Substituting Eq. (2) into Eq. (3), and divid-

ing by the cell cross sectional area, gives:

(4)

The density of liquid (ρ), solid particles (ρs) and the viscosity of

liquid (µ) can be measured, with the mass of solid particles per unit

area (W) not changing during hindered sedimentation, so this fea-

ture could also be measured. Thus, the instant velocity of hindered

sedimentation, vo, can be calculated by using Eq. (4) when the psb

and average specific resistance, αav are known.

6. Calculation of the Solid Compressive Pressure of the Par-

ticles on the Bottom, psb

To calculate the solid compressive pressure of the particles on

the bottom, psb, at a given time, the definitions the ‘average porosity’

and the ‘boundary conditions of hindered sedimentation’ have also

been proposed in this study. The ‘average porosity, εav,’ is defined

as:

(5)

The solid volume can be calculated by dividing the mass of solid

by the solid density (ρp), and the product of the cell area by the sed-

imentation height, L, which gives the total sedimentation volume,

i.e., the volume below the solid blanket. This conception leads to;

(6)

here, W is given by (solid mass)/(area), and L by (sedimenting height).

The equation introduced by Tiller and Crump [1977] for the av-

erage porosity leads to Eq. (7) when the new boundary condition

proposed in this study is introduced.

(7)

Then, Eq. (8) is obtained by substituting Eq. (7) into Eq. (1).

vo = 
driving force − supporting force

resistance
---------------------------------------------------------------------------  = 

driving force  − psbA

αavµWA
----------------------------------------------

= mg − 
ρ

ρs

----mg

= mg 1− 
ρ

ρs

----
⎝ ⎠
⎛ ⎞

vo = 

1− 
ρ

ρs

----
⎝ ⎠
⎛ ⎞Wg − psb

αavµW
-------------------------------------

εav = 1− 
solid volume( )

volume below solid blanket( )
----------------------------------------------------------------------

εav = 1− 
solid mass( )/ solid density( )
area( ) sedimenting height( )

------------------------------------------------------------------

= 1− W
1

L ρs⋅
-----------

kg

m
2

------
m

3

m kg
------------

⎝ ⎠
⎛ ⎞

εav = 1− 

dps

α
-------

psu

psb

∫

dps

α 1− ε( )
-------------------

psu

psb

∫

--------------------------

Fig. 1. Schematic diagram of hindered sedimentation.
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(8)

As Eqs. (6) and (8) represent the same average porosity, and the

combination of the two equations leads to:

(9)

Here, the compressive coefficients, n, B and β represent the char-

acteristics of solid particles, and these values are determined by us-

ing the CPC. psb is the solid compressive pressure of the particles

lying on the bottom, and psu is that of the particles at the top. The

value of psb at the sedimentation height, L, can be calculated by us-

ing this equation.

EXPERIMENTAL

1. Experimental Apparatus

A 500 mL cylinder, with an internal diameter of 4.61 cm, equipped

with a measuring rule was used as the sedimentation cell. The heights

of the solid blanket were measured with respect to time. The sche-

matic diagram of the experimental apparatus for hindered sedimen-

tation is shown in Fig. 2. Experiments, from low to high concen-

trations, were performed to find the relationship between the con-

centration and the rate of sedimentation. The final sedimentation

height was determined by a 24 hour experiment.

2. Experimental Material

Several materials were considered for use in the experiment. For

activated sludge, it was difficult to obtain the same quality for sev-

eral experiments and impossible without changing the sedimenta-

tion characteristics. Thus, calcium carbonate (CaCO3 : Yakuri Pure

Chemical Co.) was chosen as the experimental material.

The volumetric diameters of the particles were distributed uni-

formly between 0.2-60 µm, with a volumetric average diameter of

10.6µm found using a Malvern Mastersizer. However, almost 10%

of the particles were below 1 µm.

3. Precautions for the Experiments of Hindered Sedimenta-

tion

The factors influencing the sedimentation experiment are sum-

marized as below:

(1) Sufficient mixing of suspension before sedimentation.

(2) Exclusion of the air existing inside and outside of the particles.

(3) Technique of inserting particles into liquid.

(4) Temperature difference between the outside and inside of the

cell.

(5) Similarities in the diameters of cells between the top and bot-

tom.

(6) Differences in the initial height of suspension.

(7) Flatness of the cell bottom and perpendicularity between the

cell and ground.

(8) Particular diameter, shape, and size distribution.

Mixing before sedimentation has a great effect the experimental

results. A uniform suspension must be made by mixing with suffi-

cient intensity. The very small air bubbles within particles change

the sedimentation velocity by reducing the overall density of the

particles. To eliminate this air, the suspension was heated to 80 oC,

cooled to room temperature and then agitated for 30 minutes with

magnetic bars to provide a homogeneous suspension.

Prior to initiation of the sedimentation experiments, the method

known as the ‘invert method,’ proposed by Alan and Justin [1962],

was employed to give reproducibility. The ‘invert method’ involves

inverting the sedimentation cell 8 to 10 times. Too much inverting

is not desirable as air can be attached to the particles.

The differences in the diameters, and the variation in the initial

height between the different batch tests were not critical factors.

However, in the case of flow sedimentation, the so-called ‘wall ef-

fect,’ caused by a small diameter, could not be disregarded.

RESULTS AND DISCUSSION

1. Variation of the Calcium Carbonate Concentration

The experimental results for various solid contents, from 5.8 to

20.9 wt%, are shown in Fig. 3. For suspensions below 5.8 wt%, a

solid blanket was not formed, so experiments for hindered sedi-

mentation were not possible below this value. For the suspensions

greater than 20.9 wt%, the sedimentation velocities were too slow

for practical use.

The x-axis in Fig. 3 is the time divided by the initial sedimenta-

εav = 1− 
1− n − β

1− n
------------------B

psb

1− n
 − psu

1− n

psb

1− n− β
 − psu

1− n− β
--------------------------------

L = 
W

ρs

-----
1− n

1− n − β
------------------

1

B
----

psb

1− n− β
 − psu

1− n− β

psb

1− n
 − psu

1− n
--------------------------------

Fig. 2. Schematic diagram of the experimental apparatus for hin-
dered sedimentation.

Fig. 3. Experimental results of hindered sedimentation from 5.8
to 20.9 wt% CaCO3 suspension.
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tion height, and y axis the height to the solid blanket from the bot-

tom in relation to the initial height. There was a great difference

between the experimental results for 9.4 and 12.9 wt%; these will

be analyzed in detail later.

2. Determination of the Coefficients of Constitutive Equation

During hindered sedimentation, particles can loosely combine

and the actual sedimenting particle size change. Thus, the particles

formed will not have the same properties as measured by using the

CPC. The values of n and β obtained by Grace [1953] with the CPC,

and the value of B from our sedimentation results were adopted.

With these values of n, β and B, the value of ‘a’ was chosen by com-

paring the experimental hindered sedimentation and theoretical cal-

culated curve. The suspension concentration chosen for this operation

was 18.6 wt%. The determined coefficients are shown in Table 1.

The values of a, n, B and β represent the characteristics of the

calcium carbonate particles. The compressibility, n, was 0.192. Tiller

and Horng [1983] defined that a compressibility of 0.2 as a “slightly

compressible cake.”

The results of the experimental hindered sedimentation and the

calculation for the calcium carbonate suspension of 18.6 wt% are

represented in Fig. 4.

The experimental and calculated results, from the beginning to

the end of hindered sedimentation, were in good agreement. As stated

above, a theory able to express the whole procedure of hindered

sedimentation does not exist. Almost all previous theories have dealt

with the initial period of sedimentation only. Despite the fairly thick

suspension, with a short straight line portion during the initial period,

our new theory can describe the whole procedure of hindered sed-

imentation.

Tiller and Khatib [1984] claimed that at least three independent

theories were required to describe the whole hindered sedimenta-

tion procedure, but herein, the whole sedimentation procedure has

been calculated with only one theory.

3. Determination of the Value of psu and psb

In the application of our hindered sedimentation theory, the solid

compressive pressure of the solid blanket, psu, and that of the bot-

tom, psb, must be known.

To obtain the value of psu, the initial porosity at the concentration,

εini, must be calculated. The εini is calculated from the initial concen-

tration of the suspension. When εini is introduced into the constitu-

tive equation, i.e., Eq. (1), the psu is obtained.

psb is the solid compressive pressure of particle on the bottom,

which is the gravitational force of the total particles minus the buoy-

ancy force of the particles per total bottom area.

The initial porosity, εini, the solid compressive pressure at the solid

blanket, psu, and the bottom solid compressive pressure, psb, are pres-

ented in Table 2.

The standard concentration of 18.6 wt% was marked with a par-

tial gray background. The psu calculated from initial suspension con-

centration, εini, was assumed to be preserved during the entire sedi-

mentation procedure.

At the moment sedimentation begins, all the particles in the sus-

pension are subjected to psu, even those on the bottom. However,

the psb begins to increase thereafter. When the psb arrives at the total

solid weight in the liquid per cell surface area, the driving force di-

minishes and the hindered sedimentation is complete. This means

that the numerator in Eq. (4) is invalid, as is that of the sedimenta-

tion velocity.

The values of psu and psb were observed to increase with increas-

ing calcium carbonate suspension concentration. The value of psu

at the thinner concentration of 5.8 wt% was 1.16×10−12 Pa, which

was small enough to be neglected. Therefore, the value of psu can

be neglected for thin suspensions. In the concentrated suspensions,

20.9 wt%, the calculation of the sedimentation procedure without

psu would not be accurate.

Herein, the whole procedure of hindered sedimentation was cal-

culated with the psu and psb values presented in Table 2.

4. Calculation of Hindered Sedimentation with Varying the

Concentration of Suspension

Fig. 5 represents the sedimentation curves for various concentra-

tions of calcium-carbonate suspension. The coefficients for the sedi-

mentation theory are those values given in Tables 1 and 2.

In Fig. 5, the x-axis is the value of the sedimentation time (t) di-

vided by the initial height (Ho), and the y-axis is the sedimentation

Table 1. The values of a, n, B and β from the sedimentation data
for the 18.6 wt% CaCO3 suspension

Values

a 1.60×109

n 0.192

B 0.109

β 0.057

Fig. 4. Experimental and calculated results of hindered sedimen-
tation for the 18.6 wt% CaCO3 suspension.

Table 2. The values of εini, psu and psb at different CaCO3 suspen-
sion concentrations

CaCO3 conc. (wt%) εini (−) psu (Pa) psb (Pa)

20.9 0.9146 1.32×10−2 430.4

19.4 0.9211 3.25×10−3 394.5

18.6 0.9245 1.53×10−3 376.6

17.8 0.9278 6.93×10−4 358.7

16.2 0.9345 1.24×10−4 322.8

14.6 0.9414 1.78×10−5 286.9

12.9 0.9483 1.95×10−6 269.0

09.4 0.9625 6.92×10−9 179.3

05.8 0.9772 21.16×10−12 107.6
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height divided by the initial height (Ho). The white small points rep-

resents the experimental results of the 18.6 wt% calcium carbonate

suspension. On the whole, the experimental and theoretical results

coincided. Unlike the other theories, the entire hindered sedimenta-

tion procedure, from beginning to the end, can be calculated with

our theory alone.

From these results, it is possible to confirm our hypotheses on

hindered sedimentation, as below:

First, the force is transmitted by the contact of particles during

hindered sedimentation.

Second, hindered sedimentation can be defined as the procedure

where the solid compressive pressure at the bottom, psb, changes

from a very small psu to that of the total solid weight in the liquid

per sedimentation area. Third, the whole sedimentation procedure

can be calculated by using Darcy’s equation, with variation of the

average specific resistance based on the change of psb.

The concordance of the experimental and theoretical sedimenta-

tion results for the 20.9 wt% suspension was poor. During the first

half, the height of the solid blanket was a little higher than that cal-

culated theoretically. In our opinion, the frictional force between

the particles and cell wall caused by the thick concentration retarded

the sedimentation velocity. This phenomenon is the so-called “bridg-

ing effect,” which is not contained within our theory.

The sedimentation curve for 12.9 wt%, as shown in Fig. 5, in-

dicates good coincidence between the experimental and theoretical

results.

However, the experimental results for the lower concentrations

in the same figure, i.e., 9.4 and 5.8 wt%, are very different from

the theoretical calculations (The solid blanket was not formed for

suspensions below 5.8 wt%).

Although the 9.4 wt% concentration is not that different from

12.9 wt%, a huge discrepancy exists between the experimental and

theoretical results. Our conclusion is that fundamentally, the sedi-

mentation of 9.4 and 12.9 wt% suspensions do not have the same

mechanism.

The basic notion used in this study was that the force is trans-

mitted by the contact of particles during hindered sedimentation.

As shown in Eq. (2), the total weight of particles in the liquid does

act as the driving force for sedimentation. The weight is partially

supported by the particles below, and this supporting force increases

as hindered sedimentation proceeds. The decrease in this driving

force results in a slowing of the sedimentation velocity.

When the concentration of particles is too small for contact to

occur, the transmission of force between the particles will disap-

pear. In other words, the supporting force in the numerator of Eq.

(2) and the psb in Eq. (4) will become negligible. As a consequence,

the sedimentation velocity becomes very fast, as expected, Eqs. (2)

and (4). The calculation for the 9.4 wt% suspension using this con-

cept is shown in Fig. 6 as “calculation 2,” which is indicated by the

thick line. The thin line represents the calculated result based on

the transmitting forces. These two lines are very different.

The thick line does not coincide perfectly with experimental re-

sults, which was thought to be as a result of the difference in the

particle size distribution.

Table 3, shows the sedimentation velocity and average specific

resistance for various sedimentation concentrations.

The sedimentation velocity increases as the concentration of sus-

pensions becomes thinner. The sedimentation velocity of the 18.6

wt% suspension was 1.47×10−5 m/s, and that of 12.9 wt% was 2.05

×10−5 m/s; thus a 1.4 times increase in the sedimentation velocity.

The sedimentation velocities of the 9.4 and 5.8 wt% suspension,

for which our theory does not apply, were 1.63×10−4 and 2.73×10−4

m/s, respectively, which are 11 and 18.6 times faster, respectively,

than that of the 18.6 wt% suspension. This is where the greatest dif-

ference exists; the average specific resistances were also very differ-

ent for 9.4 and 5.8 wt% suspension, for which our theory does not

apply.

The difference between the experimental and theoretically cal-

culated results for suspensions with very low concentrations could

possibly be proof of the appropriateness of our theory. Tiller et al.

[2000] proposed the ‘critical volumetric solid concentration,’ and

insisted that the (effective) solid compressive pressure was zero for

sedimentation heights greater than the critical volumetric solid con-

Fig. 5. Experimental and theoretical results of hindered sedimen-
tation (5.8 to 20.9 wt% CaCO3 suspensions).

Fig. 6. Sedimentation for the 9.4 wt% CaCO3 suspension.

Table 3. The values of and with changes in the CaCO3 concentra-
tion

CaCO3 conc. (wt%) vo (m/s) αav (m/kg)

20.9 9.47×10−6 6.32×108

18.6 1.47×10−5 4.07×108

12.9 2.05×10−5 2.92×108

09.4 1.63×10−4 3.67×107

05.8 2.73×10−4 2.19×107
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centration. From their experiments, the critical volumetric solid con-

centration of a kaolin suspension was determined to be 0.07, cor-

responding to 16.2 wt%. The lower limit of our theory for calcium

carbonate suspensions was between 12.9 and 9.4 wt%, indicating

similar conceptual and experimental results.

From the experimental and theoretically calculated results, hin-

dered sedimentation can be divided into two mechanisms.

First, hindered sedimentation of high concentrations, during which

contact between particles and the transmission of solid compres-

sive pressure exist, where a definite solid blanket appears and the

whole sedimentation procedure can be explained and calculated.

Second, hindered sedimentation without transmission of solid

compressive pressure at relatively low concentrations. The sedimen-

tation velocity is very fast compared to the first case. When the only

purpose is that of fast sedimentation, the operation at this concen-

tration is recommended.

5. Distribution of Porosity During Hindered Sedimentation

The local porosities are calculated to find the variation in the sed-

imentation bed during the operation. Using the concept of Tiller

and Cooper [1962], the relation between position x and the solid

compressive pressure can be expressed as:

(10)

where, x/L is the ratio of the sedimentation height, with 0 referring

to the bottom of sedimentation cell, and 1 to the solid blanket. Sub-

stituting our boundary conditions of hindered sedimentation into

Eq. (10), Eq. (11) is obtained:

(11)

Rearranging Eq. (11) with respect to ps, gives,

(12)

The values for n and β obtained by the sedimentation results, as

shown in Table 1, were used. The psu and psb at the start and end of

sedimentation were applied to Eq. (12) for individual sedimenta-

tion concentrations. Thus, the calculated ps was introduced into Eq.

(1) in this study to obtain the porosity at position, x/L.

The concentrations of 18.6, 20.9 and 12.9 wt%, which were cho-

sen as the standard, and the higher and lower concentrations, respec-

tively, were chosen for calculating the porosity distribution, and are

shown in Figs. 7, 8 and 9.

Figs. 7, 8 and 9 show the porosity distributions with on going

sedimentation for 18.6, 20.9 and 12.9 wt% calcium carbonate suspen-

sions, respectively. The x and y axes indicate (1−ε) and the height

of sedimentation, respectively.

In Fig. 7, the vertical white points at the left end indicate the po-

rosity distribution at the start of sedimentation. The porosities were

0.924 for all sedimentation heights.

The second line composed of the x is the porosity distribution

when the sedimentation is 3/4 of the original height, 3,560 seconds,

having past.

The porosity distribution when the solid blanket was 1/2 the orig-

inal height is shown by the third line constructed by the triangles.

The time passed to achieve this height was 9370 seconds.

The fourth line of black points represents the porosity distribu-

tion at 1/4 of the original height, and final line of white squares is

the porosity distribution at the end of sedimentation. The value of

(1−ε) at the bottom, i.e. x/L is zero, increases as sedimentation pro-

gresses, which is caused by the decrease in porosity due to piling

of solid particles on the bottom. As a result, the value of (1−ε) for

x/L=0 and at infinite sedimentation time was calculated as 0.153,

that is, a porosity of 0.837.

The explanation for hindered sedimentation from Fig. 7 is as fol-

x

L
--- = 

ps

p
----
⎝ ⎠
⎛ ⎞

1− n− β

x

L
--- = 

ps

1− n− β
 − psb

1− n− β

psu

1− n− β
 − psb

1− n− β
--------------------------------

ps = 
x

L
--- psu

1− n− β
 − psb

1− n− β( ) + psb

1− n− β×
1 1− n− β⁄

Fig. 7. The porosity and sedimentation height during sedimenta-
tion of the 18.6 wt% CaCO3 suspension.

Fig. 8. The porosity and sedimentation height during sedimenta-
tion of the 20.9 wt% CaCO3 suspension.

Fig. 9. The porosity and sedimentation height during sedimenta-
tion of the 12.9 wt% CaCO3 suspension.
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lows. At the initiation of hindered sedimentation, all particles com-

posing the suspension receive the same value of psu. Therefore, the

particles on the bottom also receive the same values of psu which is

the smallest solid compressive pressure in the course of the proce-

dure.

As the porosity for a given moment was calculated by the small-

est psu using constitutive Eq. (1), the porosity at that moment has

the largest value, and will be constant throughout the entire cell.

Calculations of a same manner were performed for two different

concentrations, and the results are shown in Figs. 8 and 9. These

figures have almost the same trend, differing only in that the higher

concentration gave a higher initial (1−ε) values. It is interesting that

the higher concentration did not give a much higher (1−ε) value at

the bottom after complete sedimentation.

Figs. 7 to 9, can be used to easily verify the variations in the po-

rosity during the progression of hindered sedimentation.

To more clearly explain Figs. 7 to 9, the sedimentation height

and time, and the solid compressive pressure at the bottom psb for a

certain degree of sedimentation for various concentrations are shown

in Table 4.

The initial height of the solid blanket at the start of sedimenta-

tion with the 18.6 wt% suspension was 0.325 m, with the of 1.53×

10−3 Pa being the same as that of psu. At the little higher concentra-

tion of 20.9 wt%, the initial height was 0.328 m, with a value of psb of

1.32×10−2 Pa, which was slightly higher than that for 18.6 wt% sus-

pension. At a lower concentration of 12.9 wt%, the initial height

was 0.314 m, with a psb of 1.95×10−6 Pa, the lowest pressure ob-

tained. As the sedimentation progressed, the solid compressive force

on the bottom psb increased. The value of psb increased faster with

higher suspension concentrations. The time needed for to obtain a

height of x/L=3/4 was 27,200 seconds (about 7 and half hour) for

the 20.9 wt% calcium carbonate suspension.

CONCLUSION

Herein, a new hindered sedimentation theory which can calculate

the whole hindered sedimentation procedure, based on the “unified

theory of solid-liquid separation” has been proposed. The coeffi-

cients a, n, B and β, used in the calculations were decided upon by

experiments using the CPC (compression-permeability cell) and

sedimentation. The solid compressive pressure at the solid blanket,

psu, and that at the bottom, psb, were calculated, and utilized as the

boundary conditions. The experiments and calculations for calcium

carbonate suspensions were performed at concentrations between

5.8 to 20.9 wt%. A comparison of the experimental and calculated

results, gave a lower limit of our hindered sedimentation theory for

a calcium carbonate suspension between 12.9 and 9.4 wt%. The

porosity distribution during hindered sedimentation was calculated,

and the porosity variation theoretically analyzed from the results.
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