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In various industrial processes, it is important to prevent the solidification in order to maintain the slurry
properties. In order to predict the formation of the sediment and solidified layer, the gravitational sedi-
mentation behavior of the slurries obtained by changing the slurry pH and the time change in the forma-
tion of sediment were observed. As a result, we can predict the solidification time and precisely predict
the formation of the solidified layer and determine suitable conditions for the storage of slurries.

� 2008 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan.
1. Introduction

In various industrial processes, fine particles are usually trea-
ted in the form of slurry for improvement in handling. Generally,
a large quantity of slurries is made at a single time; these slurries
are stored or transported for a long time in a container. During
storage, particles in the slurry often form solidified layer at the
bottom of the container. This solidified layer is very hard because
the attractive interaction between the particles is very strong. In
this case, the slurry with the solidified layer can no longer be
used in the material fabrication process; therefore, it is important
to prevent the this solidification of the particles. To prevent solid-
ification, a container has to be rotated or stirred [1–3]. However,
these operations consume a lot of energy. In addition, during
transportation, it is difficult to perform these operations. There-
fore, it is desirable to prevent the formation of the solidified layer
without performing any special operations after slurry prepara-
tion. Therefore, the prediction of the formation of this solidified
layer is required. A typical conventional slurry evaluation method
is the measurement of the apparent viscosity [4–8]; however, we
cannot predict the sediment state according to this parameter.
Other evaluation methods such as gravitational settling [9–13]
and centrifugal settling [14–18] tests have been performed for a
long time. These methods evaluate the final packing fraction,
the packing fraction distribution, and consolidation characteris-
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tics. However, the formation of the solidified layer cannot be
evaluated. In addition, although the sedimentation process of
the fine particles has been analyzed by computer simulation
[19–26], sediment flowability cannot be predicted. Therefore,
we need to develop a new slurry evaluation technique that can
predict the formation of the solidified layer.

In our previous reports, we proposed new evaluation methods
that can easily predict the packing characteristic of a slurry within
a short time by measuring the hydrostatic pressure of the slurry at
the bottom of a settling tube [27–29]. As a result, in the case of
slurry with a good dispersion state, the hydrostatic pressure did
not decrease to a minimum in spite of the fact that the settling
interface height was constant. Therefore, it was found that the
sediment – generally assumed to be solidified entirely – maintained
its flowability similar to that maintained during its preparation.

Based on this, in our previous report [30], we measured and
evaluated the depth of the flowable layer in the sediment after
the end of gravitational settling. Furthermore, we found that the
depth of the flowable layer was not governed by the potential bar-
rier, but by the maximum repulsive force.

However, considering actual industrial processes, slurry might
not be used after the end of sedimentation. Furthermore, to ana-
lyze the mechanism of sediment solidification, it is necessary to
analyze the settling process before the end of sedimentation.

Therefore, in this study, we have investigated the time change
in the sediment and flowable layer in the slurries prepared by
changing the slurry pH: we predicted the formation of the sedi-
ment and the solidified layer at an arbitrary time.
ty of Powder Technology Japan.
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Nomenclature

Fmax maximum repulsive force (N)
g gravitational acceleration (m s�2)
h0 initial height of the slurry (mm)
hcal calculated value of the depth of the flowable layer (mm)
hmax height of the sediment when the solidified layer starts

to be formed (mm)
hs final height of the sediment (mm)
hw(ti) height of the sediment at time ti (mm)
Dhwi the increased height of the sediment during Dti (mm)
l particle size distribution is divided into a number (–)
�qðxiÞ relative frequency of the ith section (m�1)
�qðxiÞ � Dx relative quantity of the ith section (–)
S solidification index (–)
t settling time (min)
tin time interval of stirring (min)

ts solidification time (min)
uc settling velocity of a particle (m s�1)
vs velocity of the sediment interface (m s�1)
x particle diameter (m)
xi mean diameter of the ith section (m)

Greek letters
/ particle concentration (–)
/0 initial concentration of the slurry (–)
/s final packing fraction of the sediment (–)
l viscosity of liquid (Pa s)
qp particle density (kg m�3)
qf liquid density (kg m�3)

Table 1
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2. Experiment

Slurries were prepared from abrasive alumina powder (JIS
#6000; average particle size of 2 lm and density of 3.96 g cm�3;
Fujimi) and distilled water by ultrasonication similar to that main-
tained in our previous report [30]. Fig. 1 shows the particle size dis-
tribution of the sample powder. The particle size distribution can
be measured by measuring the time change of the hydrostatic
pressure at the bottom of the test tube [31]. For the measurement
of the hydrostatic pressure, a hydrostatic pressure analyzer (IKA-
BUST JT-P, CHUO KAKOHKI Co. Ltd.) was used. The solid concentra-
tion was 3 vol%. The values of the slurry pH were changed using
HCl (Wako). In order to control the interaction forces between
the particles, the salt concentrations were changed using NaCl
(Wako). The slurry conditions are summarized in Table 1. The max-
imum repulsive force in Table 1 was calculated from DLVO theory.
The prepared slurries were poured into acrylic test tubes with a
diameter of 20 mm. The initial height of each of the slurries was
150 mm. The top of the tube was hermetically sealed with a film.
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Fig. 1. Particle size distribution of abrasive alumina powder.
After allowing the test tube to stand, we observed the behavior
of gravitational settling.

Fig. 2 shows a schematic illustration of the sediment. All the
sediments obtained in this study comprise a solidified layer and
flowable layer. A slurry layer is formed in the upper region of the
sediment. When the test tube is inclined, only the flowable layer
is set in motion; the solidified layer remains at the bottom of the
test tube. We measured the height of the sediment and the height
of solidified layer from an image photographed with a digital cam-
era. In order to observe the time change of the sediment, the mea-
surement was started after the sediment interface was observed at
the bottom of the test tube (60–200 min). We measured every
15 min: the height of the solidified layer was measured afterwards.
Then, at each measuring point, we used another sample without
reusing the same sample.
Conditions of prepared slurries.

Number pH
(–)

Total ion
concentration � 103

(mol L�1)

Zeta
potential
(mV)

Potential
barrier/kT
(–)

Maximum
repulsive
force � 1010 (N)

1 4.0 2.47 37.4 518 1.46
2 4.0 3.90 37.4 459 1.65
3 4.3 1.91 35.4 468 1.16
4 4.5 1.68 33.9 426 1.00
5 4.5 2.78 33.9 373 1.14
6 5.0 1.19 29.7 313 0.62
7 5.0 2.31 29.7 257 0.72
8 5.5 2.07 24.4 127 0.36
9 6.0 1.97 17.0 8 0.07

Fig. 2. Schematic illustration of the sediment.
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3. Results and discussion

3.1. Formation of sediment and solidified layer

Fig. 3 shows the time change of the height of the sediment. This
time change is quantitatively discussed as follows. We consider
particles settling downward in the test tube. Supposing that down-
ward is plus, the hindered settling velocity of particles in the slurry
uc (positive value) followed the Richardson–Zaki equation [32]
which can be expressed as follows:

uc ¼
ðqp � qf Þgx2

18l
ð1� /Þ4:65 ð1Þ

The material balance equation at the interface between the slurry
and sediment can be expressed as follows [33]:

ðuc � vsÞ/0 ¼ �vs �Us ð2Þ

Here, vs (negative value) is the ascending velocity of the sediment
surface, /0 is the initial particle concentration of the slurry, and
Us is the packing fraction of the sediment.

The powder used in this experiment has a particle size distribu-
tion. It is necessary to consider this for the calculation. Here, the
particle size distribution is divided into l sections having the same
size range from big size; the mean diameter of the ith section is xi,
the relative frequency of the ith section is �qðxiÞ, and the relative
quantity of the ith section is �qðxiÞ � Dx.

In addition, we define the time during which the particle of size
xi settled at the top of the sediment from the surface of the slurry
as ti; this can be expressed using Eq. (1) as follows:

ti ¼
18l � ðh0 � hwðtiÞÞ
ðqp � qfÞgx2 ð1� /0Þ

�4:65 ð3Þ

Here, h0 is the initial height of the slurry, hw(ti) is the height of the
sediment at time ti, and t0 is the settling start time.

The ascending velocity of the sediment surface vs depends on
the particle size distribution of the slurry layer at the interface be-
cause the settling velocity of particle depends on the particle size,
as shown in Eqs. (1) and (2). We assumed that the particle concen-
tration of the slurry and the packing fraction of the sediment are
constant during settling. It can be considered that particle size dis-
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Fig. 3. Time change of the height of the sediment.
tribution of the slurry layer at the interface between the slurry and
sediment does not change, until the maximum size particle
reached at the top of the sediment from the surface of the slurry,
that is, during which particles of the first section (maximum size
particles) suspend (t 6 t1). Therefore, vs is constant in this period.
Afterwards (t > t1), particles do not exist in the slurry layer from
the big size sequentially, that is, the particle size distribution of
the slurry layer at the interface is changed by time. Therefore, vs

is changed by time.
To calculate the height of the sediment, we consider the mate-

rial balance equation at the interface between the slurry and the
sediment. First, at t 6 t1 (vs is constant), we considered the material
balance equation at each section. Second, to calculate the height of
the sediment, all the sections of an equation was summed. Third,
using this equation, we calculated the time change of the height
of the sediment at t > t1 (vs is not constant). Detailed calculation
method is shown below.

At t 6 t1 (vs is constant), using Eq. (2) and the relative quantity
of the ith section �qðxiÞ � Dx, the material balance equation at ith sec-
tion can be expressed by the following equation:

fucðxiÞ � vsg � /0 � �qðxiÞ � Dx ¼ �vs �Us � �qðxiÞ � Dx ð4Þ

fucðxiÞ � �qðxiÞ � Dx� vs � �qðxiÞ � Dxg � /0 ¼ �vs �Us � �qðxiÞ � Dx ð40Þ

Summation of all sections can be expressed as follows:

Xl

i¼1

fucðxiÞ � �qðxiÞ � Dx� vs � �qðxiÞ � Dxg
$ %

� /0

¼ �
Xl

i¼1

fvs � �qðxiÞ � Dxg
" #

�Us ð5Þ

Because vs is constant and
Pl

i¼1f�qðxiÞ � Dxg ¼ 1.

Xl

i¼1

ucðxiÞ � �qðxiÞ � Dx� vs

( )
� /0 ¼ �vs �Us ð50Þ

After all the particles of the first section deposit (at t > t1), vs is chan-
ged by time. vs is expressed by the following equation:

vs ¼
Dhwi

Dti
ð6Þ

Here, Dhwi is the increased height of the sediment during Dti. Dti is
determined as follows:

Dti ¼ tiþ1 � ti ¼
18l � Dhwi

ðqp � qf Þgx2 ð1� /0Þ
�4:65 ð7Þ

After all the particles of the ith section deposit (t P ti), assuming
that /s is constant, and substituting Eq. (6) into Eq. (5asdf), the
material balance equation can be expressed

Xl

j¼iþ1

ucðxjÞ � �qðxjÞ � Dx� Dhwi

Dti

( )
� /0 ¼ �

Dhwi

Dti
�Us ðt P tiÞ ð8Þ

Here, because all the particles of the ith section deposit, that is, par-
ticles bigger than ith section do not exist in a slurry layer, the sum-
mation starts from i + 1.

From this equation, we can determine the increased height of
the sediment during Dti

Dhwi ¼
�/0

Us � /0
�
Xl

j¼iþ1

ucðxjÞ � �qðxjÞ � Dx

( )
� Dti ðt P tiÞ ð9Þ

To calculate the height of the sediment at the time of ti, hw(ti), we
sum from Dhw1 to Dhwi. It can be expressed as follows:
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Fig. 5. Time change of the depth of the flowable layer.
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hwðtiÞ ¼
Xi

k¼1

Dhwk

¼ �/0

Us � /0
�
Xi

k¼1

Xl

j¼iþ1

ucðxjÞ � �qðxjÞ � Dx

( )
� Dtk

" #
ð10Þ

In this study, it is assumed that /0 in Eq. (10) is constant during set-
tling. The error induced by the assumptions in these experiments is
less than 10%. The relative frequency �qðxÞ can be expressed as a
regression equation (Eq. (11)) shown in Fig. 1; Dx is 9 nm, l is
1000, and the packing fraction of the sediment is always constant
– 0.64. This value is the final packing fraction of the sediment,
which was obtained from the experiment performed in our previ-
ous report [30]

�qðxÞ ¼ 1
x ln rg

ffiffiffiffiffiffiffi
2p
p exp �1

2
ln x=x50

ln rg

� �2
( )

ð11Þ

As shown in Fig. 3, Eq. (10) is a regression equation plotting all the
experimental results in the entire size range. Although there are
small differences between the experimental results and Eq. (10)
after approximately 400 min, it may be due to the assumption that
/0 is constant.

Fig. 4 shows a comparison between the time change of the
height of the solidified layer and the sediment. In Fig. 4, among
the nine samples, sample No. 2 has the maximum depth of the
flowable layer and sample No. 9 has the minimum depth. There
is always the flowable layer independent of time.

Fig. 5 shows the time change of the depth of the flowable layer.
Since data scattering seemed to result from the measurement pre-
cision, the depth of the flowable layer was presumed to be con-
stant, regardless of the time for all the slurries.

In Fig. 6, we compared the depth of the flowable layer hcal cal-
culated using the particle sedimentation model that was described
in our previous report [30] with the experimental one. Here, hcal is
calculated using Eq. (12). Since the packing fraction of the sedi-
ment cannot be experimentally measured, we assumed that the
sediment has the same packing fraction as the final value – 0.64:

hcal ¼
0:52
Us
� int

Fmax
p
6 x3ðqp � qfÞg

 !
� x ð12Þ
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Fig. 4. Comparison between the time changes of the heights of the solidified layer
and the sediment.
Here, Fmax is the maximum repulsive force between the particles.
The calculated depth of the flowable layer is in good agreement
with the experimental one.

From this discussion, it is revealed that in the particle sedimen-
tation process, a flowable layer with a constant height always ex-
ists; this height can be predicted by using the particle
sedimentation model.

3.2. Solidification time

We proposed a model to estimate the depth of the flowable
layer and the height of the solidified layer (discussed in the previ-
ous section). In this section, we discuss the solidification time ts

when the flowable layer starts to solidify. The solidification time
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and calculated ones.
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can be estimated from the extrapolation of the data, as shown in
Fig. 4. The solidification starts after the particles formed a sediment
with a certain height hmax. hmax is the maximum height at which
the entire sediment has flowability. From the above discussions,
it is clear that hmax is equal to hcal. Therefore, using Eq. (12), hmax

can be expressed as follows:

hmax ¼
0:52
Us
� int

Fmax
p
6 x3ðqp � qf Þg

 !
� x ð13Þ

We attempted to calculate the solidification time from the particle
sedimentation model. It can be considered that the ascending veloc-
ity of the sediment surface vs is constant in the early stages of set-
tling, as shown in Fig. 3. ts can be expressed as follows:

ts ¼
hmax

vs
ð14Þ

Substituting Eq. (13) into Eq. (14), the following equation is
obtained:
Fig. 8. Schematic illustration of sedime
ts ¼ 0:81 � int
Fmax

p
6 x3ðqp � qfÞg

 !
� x
vs

ð15Þ

Fig. 7 shows the relationship between the experimental data of
solidification time and the one calculated from Eq. (15). The exper-
imental value in Fig. 7 was obtained from the extrapolation, as
shown in Fig. 4. In using Eq. (15), we assumed vs to be constant
and equal to the ascending velocity of the sediment surface in the
early stages of settling. The calculated time is in good agreement
with the experimental one. It can be considered that Eq. (15) can
effectively estimate the experimental result.

Based on the above discussion, the sedimentation and solidifi-
cation process progresses as shown in Fig. 8. While the height of
the sediment is less than hmax (t < ts), the formed sediment has
flowability. When the height of the sediment becomes hmax

(t = ts), solidification starts from the bottom. Thereafter (t > ts),
the height of the solidified layer increases: a constant depth is
maintained. The value of this depth is equal to hmax.

3.3. Prevention of solidification

Based on the above discussion, we proposed a method in which
solidification can be prevented based on the final height of the sed-
iment hs. From the material balance equation, the relationship be-
tween h0 and hs can be expressed as follows:

hs ¼
/0

Us
� h0 ð16Þ
3.3.1. In case of hmax P hs

In case of hmax P hs, solidification cannot be started. This condi-
tion can be expressed as

hmax P hs ¼
/0

Us
� h0 ð17Þ

Substituting Eq. (13) into Eq. (17) to eliminate /s, the solidification
index S can be defined by using the following equation. When S is
greater than or equal to zero, the solidified layer is not formed even
if the slurries are left for a long time without any operations

S ¼ 0:52� /0 � h0

x
� int

p
6 x3ðqp � qf Þg

Fmax

 !
P 0 ð18Þ

To confirm Eq. (18), we prepared slurries by changing only the ini-
tial particle concentration /0 or the initial height of the slurry h0;
then, we performed the gravitational settling tests. The slurry con-
ntation and solidification process.
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ditions are summarized in Table 2, and the experimental results are
summarized in Table 3. As shown in Table 3, when S P 0, a solidi-
fied layer was not formed. We can predict the formation of the
solidified layer using Eq. (18).

The maximum repulsive force is necessary to determine the
solidification by using Eq. (18). However, this value is usually un-
known or difficult to measure. Even in this case, if we measure hmax

and rs by settling test, solidification can be prevented by using Eq.
(17). When we measure hmax by inclining the test tube, we have to
pay attention to observe the formation of the solidified layer.

3.3.2. In case of hmax < hs

In case of hmax < hs, the solidified layer is formed if the slurries
are left for a long time. Generally in this case, the slurry is always
stirred to prevent the solidification. However, from the above dis-
cussions, slurry should be stirred within certain intervals tin to save
Table 2
Conditions of prepared slurries in the confirmation experiment using Eq. (18).

Parameter pH
(–)

Total ion
concentration � 103

(mol L�1)

Zeta
potential
(mV)

Maximum
repulsive
force � 1010

(N)

/0

(vol%)
h0

(cm)

/0

(a) 4.0 2.93 37.4 1.55 – 5.0
(b) 4.5 1.59 33.9 0.98 – 5.0

h0

(c) 4.0 2.30 37.4 1.44 3.0 –
(d) 4.5 1.10 33.9 0.88 3.0 –

Table 3
Results of confirmation experiment using Eq. (18).

S Existence of the solidified layer

Prediction Result

/0 (vol%)
(a)

0.5 0.42 s s

1.0 0.32 s s

1.5 0.23 s s

2.0 0.13 s s

2.5 0.03 s s

3.0 �0.07 � �
3.5 �0.17 � �
4.0 �0.27 � �

(b)
0.5 0.39 s s

1.0 0.26 s s

1.5 0.13 s s

2.0 �0.01 � �
2.5 �0.14 � �
3.0 �0.27 � �
3.5 �0.40 � �
4.0 �0.53 � �

h0 (vol%)
(c)

2.0 0.27 s s

3.0 0.14 s s

4.0 0.01 s s

5.0 �0.11 � �
6.0 �0.24 � �

(d)
2.0 0.11 s s

3.0 �0.10 � �
4.0 �0.31 � �
5.0 �0.51 � �
6.0 �0.72 � �

s: none �: exist.
energy. Here, tin needs to be less than the solidification time ts. The
maximum repulsive force and ascending velocity of the sediment
surface vs are necessary to estimate ts, as shown in Eq. (15). Even
if these parameters are unknown, we can measure vs and hmax from
the time change of the height of the sediment, tin; ts can be calcu-
lated from the following equation:

tin 6 ts ¼
hmax

vs
ð19Þ

Here, the method for measuring hmax is described in the previous
section, and vs can be measured from the time change of the height
of the sediment.
4. Conclusions

In order to predict the formation of the solidified layer, we ob-
served the gravitational sedimentation behavior of the slurries pre-
pared by changing the slurry pH and time change of the sediment.
The following results were obtained.

1. At an early stage of the sediment formation, the entire sediment
has flowability until the solidification time.

2. We can predict the solidification time using the ascending
velocity of the sediment surface and the maximum repulsive
force.

3. Using Eq. (18), we can determine the slurry conditions accord-
ing to which solidification cannot be started. Even if the prepa-
ration conditions of slurry are unknown, by observing the
behavior of gravitational settling only once, we can prevent
the solidification.

By combining the results of our previous report [30] and this
one, we can precisely predict the formation of the solidified layer
and determine the suitable conditions for the storage of slurries.
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