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A model was developed to simulate drainage of compressible particle suspensions,
and study how cake compression and volumetric load influence the process. The input
parameters were settling velocity, cake resistance and compressibility. These parame-
ters were found using a new experimental method. Dextran-MnO2 particle suspensions
were drained as these resemble organic waste slurries with respect to settling and
compressibility. It was demonstrated that cake compressibility must be taken into
account to obtain adequate simulations. This implies that pressurized filtration resis-
tances cannot be used for drainage simulations. In the filtration step, a distinct
increase of dry matter from top to bottom of the cake was observed. During the subse-
quent consolidation, the cake compressed and a uniform dry matter profile was found.
The final dry matter content of the cake increased with feed concentration and volu-
metric load. The drainage time increased proportionally with feed concentration
and, more importantly, proportionally with squared volumetric load. VVC 2010 American
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Introduction

Organic waste products such as biological sludge and ani-
mal manure can be used for heat and power generation, used
as fertilizer in agricultural systems, or converted to transpor-
tation biofuels.1,2 Furthermore, it is possible to convert or-
ganic waste into substances that can be used in various
industrial products.2 As the concentration of dry material is
low in sludge and manure, solid-liquid separation is an im-
portant part of pretreatment in order to lower transportation
costs, minimize the need for storage capacity, or increase the
energy output from incineration. There are several methods
for solid-liquid separation, including gravity drainage; for

example, organic slurries can be drained using belt filter
presses3 or sludge drying reed beds.4 The critical pressure
above which the dewatering rate is constant has been deter-
mined to be in the range of 5–50 kPa for biological sludge.5

Operation at pressures above the critical pressure have only
a limited effect on separation performance, because cake po-
rosity decreases and hydraulic resistance, therefore, increases
with pressure. Gravity drainage, is, thus, an energy-efficient
means of dewatering organic waste products as the pressure
is close to the critical pressure, so little energy is wasted on
cake compression.

In designing and optimizing gravity drainage processes, a
mathematical model and laboratory-scale measurements of
settling velocities, cake compressibility and cake resistance
would be helpful. In the case of cake resistance, most meth-
ods described in the literature measure the resistance at pres-
sures higher than 100 kPa.6 These pressures are higher than
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the critical pressure of organic materials and higher than the
pressures usually observed during gravity drainage. Applying
such high pressures leads to the problem of transforming and
applying the obtained cake resistances to the low-pressure
conditions encountered in gravity drainage experiments. Fur-
thermore, studies that describe the gravity drainage processes
of inorganic particles7,8 and biological sludge,3,9 for exam-
ple, do not include cake compression in the model. Cake
compression may influence the drainage processes, but it is
not known whether cakes are compressible at the low pres-
sure achieved during drainage. However, most organic cakes
are highly compressible at high pressure ([100 kPa), so it
might be expected that organic cakes are compressible at
lower pressures as well. In that case, existing drainage mod-
els must be modified before application to organic slurries.

The settling velocity is usually determined from sedimen-
tation experiments and decreases with particle concentra-
tion.10 However, it is not known whether the settling veloc-
ity changes with drainage rate or to what extent settling
influences the drainage process. Thus, to predict how, for
example, feed concentration, load, and media resistance
influence the drainage process, it is necessary to know
whether or not settling is important for the drainage process
and, if so, how the settling velocity can be determined.

Several experiments are required to find out how cake re-
sistance, cake compressibility and settling influence the grav-
ity drainage of organic slurries. However, organic slurries
are often complex mixtures, so it is difficult to use organic
slurries for such studies. Alternatively, simpler model com-
pounds can be used; for example, dextran-MnO2 particles
have been used in pressure filtration studies.11 The compres-
sibility of dextran-MnO2 particles is comparable to that of
other organic materials, such as biological sludge.11 More-
over, it is easy to measure the porosity profile through dex-
tran-MnO2 cakes due to the higher c-ray attenuation of
MnO2 than of water or ethanol. For that reason, dextran-
MnO2 particles are a good candidate for studying separation
processes in organic compounds.

This study aims (1) to develop an experimental method
for measuring settling velocity, cake resistance and cake
compressibility, (2) to clarify how media resistance, cake
compression and settling influence the drainage process, and
(3) to simulate the drainage process to determine how load
influence the final dry matter content of the drained cake.
Dextran-MnO2 particles will be synthesized and drained;
local cake porosity will be monitored online at high-spatial
resolution to investigate cake inhomogeneity and cake com-
pression during the experiments.

Experimental

Dextran-MnO2 particles

Dextran-MnO2 particles were synthesized according to
Hwang et al.11 Before particle production, 0, 1, 2, and 3 g of
400–500 kDa Leuconostoc mesenteroides dextran (Sigma-
Aldrich, St. Louis, MO) were suspended in 100 mL of
99.9% v/v ethanol. Particles were then prepared by adding
100 mL of the dextran suspension to 100 mL of 1.5% w/w
KMnO4 solution. The dextran suspension was added gradu-
ally (5 mL of dextran suspension per addition), and after

each addition, the mixture was stirred at 600 rpm for 20 s
and then at 400 rpm for 40 s. An overhead stirrer (RZR
2041; Heidolph Instruments, Schwabach, Germany), and an
impeller (BR 13; Heidolph) were used. After preparing the
dextran-MnO2 particles, the suspension was analyzed using a
LSM510 confocal scanning laser microscope (CLSM; Carl
Zeiss, Oberkochen, Germany) at 10� magnification. Large
dextran-MnO2 particles (up to 500 lm) were formed, but the
suspension also contained nonflocculated MnO2 particles (1–
10 lm). The produced particles settled overnight at room-
temperature and supernatant was withdrawn until the desired
concentration was achieved (8–45 g/L). The suspension was
then gently mixed and used in the dewatering experiments.

Gravity drainage and sedimentation

A series of gravity drainage experiments was performed.
During drainage, a cake was formed on the filter media. It
was observed that the particles settled during drainage. For
that reason, a sedimentation experiment was setup, as well
as to compare the settling velocity determined during the
gravity drainage and sedimentation experiments.

Samples of 100 or 200 mL were drained using a 40-cm-
high-transparent glass cylinder fitted with a Whatman no. 41,
20–22 lm cut-off, filter article (Whatman, Maidstone, U.K.)
placed at the bottom of the cylinder (Figure 1). The internal
diameter of the cylinder was 6 cm, more than 1,000 times
larger than the dextran-MnO2 particles. If the dextran-MnO2

particles behaved like individual particles, the reduction in
settling velocity due to wall effects would then be less than
5%.12 A digital camera was placed roughly 10 cm away
from the cylinder and used to monitor the drainage process.
The images were analyzed to determine the distance between
(1) the filter media and the interface between the suspension
and the clear liquid phase (heightI), as well as (2) the filter
media and the interface between the clear liquid and the sur-
rounding air (heightII). Sedimentation experiments were per-
formed using the same setup, but with an impermeable
media at the bottom of the glass cylinder. Hence, datasets of
time, heightI, and heightII were obtained.

The local solid-mass fraction was measured at different
positions in the cake using a 241Am source that emits c-rays

Figure 1. Sketch of drainage equipment used.

3100 DOI 10.1002/aic Published on behalf of the AIChE December 2010 Vol. 56, No. 12 AIChE Journal



at 59.54 keV. The attenuation was measured using an
NaI(T1) scintillation detector and integrating the number of
counts between 58 and 83 keV. The calibration curve was
acquired by measuring the attenuation of the feed suspen-
sion, as well as the attenuation of the final cake, the solid-
mass fraction of which was known.13 It was found that
lc,filtrate ¼ 17.7 m�1 and lc,particles ¼ 56.0 m�1.

The filtrate viscosity was measured to be 2.4 � 10�3 Pa s
using a KPG no. 100 capillary viscometer (Cannon-Fenske,
State College, PA), and the filtrate density was measured to
be 940 g/L by weighting the filtrate volume during the
experiments. The measured values were similar to the vis-
cosity and density of 50% v/v ethanol. The resistance of the
media was found by filtering 200 mL of 50% v/v ethanol
through a clean Whatman no. 41 filter paper and was calcu-
lated to be 9.7 � 107 m�1. After one of the experiments,
50% v/v ethanol was filtered through the used filter paper,
and no increase in Rmem was observed afterwards. The cakes
were easily removed from the filter media.

Analysis of cake

The dry matter content of the cake was measured by
weight loss after drying at 104�C overnight. The amount of
organic material was determined by measuring the loss on
ignition after 4 h at 500�C. The determined ratio between or-
ganic and inorganic materials nicely fit the ratio between
added dextran and MnO2, assuming that all KMnO4 was
reduced to MnO2 (slope 0.99 � 0.06, intercept 0.0 � 0.1).
The suspension changed color from purple to brown when
dextran was added to KMnO4, which confirmed the reduc-
tion of MnO�

4 to MnO2.
The solid-volume fraction of the filter cake was calculated

from the measured dry matter content, as follows

/ ¼ u
uþ 1� uð Þ qs

qL

(1)

The particle density was measured by producing 25 g of the
particles. The particles were filtered and dried overnight at
104�C. The dried cake was crushed and dissolved in 200 mL
of demineralized water in a 500-mL pycnometer. Air bubbles
were removed by placing the pycnometer in vacuo for 1 h. The
pycnometer was then filled with degassed demineralized water
and weighted. After that, the dry content of the sample was
found by drying the sample at 104�C overnight. The density of
dextran-MnO2 particles (dextran/MnO2 ¼ 2.7 g/g) was
determined to be 1950 � 10 g/L.

Theory of the Drainage Process

The drainage process can be simulated if average specific
cake resistance, cake compressibility, and settling velocity
are known. To do this, the drainage rate md, must be calcu-
lated, which can be done using Eq. 23

md ¼ DP
g acakexþ Rmð Þ (2)

where the pressure difference is given as

DP ¼ Mg

A
¼ qght þ cgh0 1� q

qs

� �
� xg (3)

As can be seen in Eq. 2, the drainage rate is directly related to
the average specific cake resistance. Furthermore, the drainage
rate is indirectly related to cake compressibility and settling
velocity. Cake compressibility describes how the solid-volume
fraction of the cake changes with pressure; the compressibility
influences the drainage rate indirectly because the average
specific cake resistance increases with solid-volume fraction.
Settling is important because the cake grows faster if the
settling velocity is high. This affects the drainage process
because the drainage rate decreases with cake thickness.

Average specific cake resistance, settling velocity, and
cake compressibility can be determined from the introduced
laboratory experiments discussed here. To estimate the three
parameters, it is practical to divide the drainage process into
three stages: (A) cake formation, (B) pure filtration, and (C)
cake collapse (Figure 2). Settling velocity can only be deter-
mined using data obtained during cake formation (stage A).
Average specific cake resistance is most easily determined
using data obtained during pure filtration (stage B), and cake
compressibility is most easily determined using data
obtained after final cake compression (stage C). The proce-
dure used will be described in the following sections. When
all parameters are determined, the level of the sample, i.e.,
the drainage rate, can be simulated numerically using Eq. 2,
and Euler’s method as dht/dt ¼ ud. Such simulation can be
used to study the impact of different input parameters on the
drainage process.

Cake formation (Stage A)

During the initial part of the process when t \ t1, a cake
builds up on the media (stage A), and the cylinder consists
of cake, suspension, and clear liquid phases (Figure 2); the
total level of the sample is ht ¼ hw þ hs þ hc. Furthermore,
cake height is a function of the amount of cake deposited on
the media and of the dry matter content of the cake

hc ¼ x
/qs

(4)

and

x ¼ S h0 � htð Þ þ Svst (5)

where S is given as6

S ¼ 1
1
qs

qs
c � 1
� �� m�1

q

(6)

If the settling velocity is zero, x increases proportionally with
the specific filtrate volume (h0 � ht). If particles settle, the
cake builds up faster and a clear liquid phase develops above
the suspension. The height of clear water can be calculated
using Eq. 7

hw ¼ vs � t (7)

As hw is measured during the drainage experiments, it is
possible to calculate the settling velocity by plotting hw as a
function of time and using linear regression. The same method
can be used to estimate the settling velocity from the results of
the settling experiment.
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Pure filtration (Stage B)

All particles are deposited on the media and the liquid
above the cake is filtered through the cake when t1 � t \ t2
(Figure 2). The amount of deposited cake is constant and
equals x ¼ ch0. It is possible to derive an equation for the
sample level ht, throughout the stage. Equation 8 has been
derived assuming that qht � c(1 � q/qs)ho � x, inserting
x ¼ ch0 into Eq. 2 and integrating

ht tð Þ ¼ ht t1ð Þ � e�vðt�t1Þ (8)

where

v ¼ qg
g ach0 þ Rmð Þ (9)

Furthermore, hw is given as the level of the sample minus the
cake height

hw ¼ ht � hc ¼ ht t1ð Þ � e�v t�t1ð Þ � ch0
/qs

(10)

It, is, therefore, possible to estimate v by fitting Eqs. 8 or 10 to
experimental data. When v is known, Eq. 9 can be used to
calculate the average specific cake resistance.

Cake collapse (Stage C)

All liquid has been drained through the cake when t � t2.
Thus, air reaches the cake surface and menisci are formed
between the solid particles (Figure 2). This generates a capil-
lary pressure, and, thereby, a drag on the cake structure.14

Organic materials form highly compressible cakes, so the
cake porosity is higher at the top of the cake than at the bot-
tom. Thus, the cake will collapse because the cake cannot

withstand the drag on the cake structure.14 The compression
starts at the cake surface, while the underlying cake com-
presses when the capillary pressure exceeds the local com-
pressible yield stress. The compressible yield stress increases
with the solid-volume fraction; hence, cake collapse and
final dry matter content are derived from the relationship
between the solid-volume fraction and the compressible
yield stress. An often used constitutive equation for the com-
pressible yield stress is given in Eq. 1115,16

py ¼ pa
/
/0

� �1=b

�1

 !
(11)

The process stops when the liquid pressure at the sample-
media interface is zero. The liquid pressure can be calculated
using Eq. 12

pmem
l ¼ qght þ gx 1� q

qs

� �
� pmem

s (12)

and is zero when

pmem
s ¼ qghc þ Dqghc/ (13)

as hc ¼ ht at the end of the drainage experiment, and x ¼
hc/qs according to Eq. 4. The drag at the top of the cake,
which results from the capillary forces, then equals qghc, and
the effective pressure increases from qghc at the top of the
cake to qghc þ Dqghc/ at the bottom. If Dq / 	 q, it can be
assumed that the effective pressure and solid-volume fraction
are constant throughout the thickness of the cake. The final
cake height can then be obtained by combining Eqs. 11 and 13
setting pmem

s ¼ py

Figure 2. Principle of drainage experiment.
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hc;1 ¼ pa
qg

f /ð Þ (14)

where

f /ð Þ ¼ ð/=/0Þ1=b � 1

1þ / Dq
q

(15)

Both the cake height and the solid-volume fraction can be
measured at the end of the experiment. From a series of
experiments in which different amounts of solid materials are
drained it is, therefore, possible to determine pa, b, and /0 by
fitting Eq. 14 to the experimental data. To lower the number of
adjustable parameters /0 has been determined separately; /0 is
the solid-volume fraction where particles just form a
continuous network—the so-called gel point. An estimate of
/0 can therefore be made from the results of settling
experiments in which the effective pressure is low, i.e., pmem

s

¼ xg(1 � q/qs), and the solid-volume fraction of the formed
cake is close to, but greater than /0.

Results and Discussion

Description of gravity drainage setup

Figure 3 shows data from a typical gravity drainage pro-
cess. Three different stages (cf. Figure 2) can be identified:
stage A in which particles settle and the cake builds up,
stage B in which liquid is filtered through the nongrowing
cake, and stage C in which the liquid-air interface reaches
the cake surface and the cake collapses. The transition
between stages A and B is the time at which hs ¼ 0, i.e.,
when the suspension vanishes. Furthermore, the transition
between stages B and C is found at the time at which hw ¼
0, i.e., when the pure water vanishes. The pressure at the
sample-media interface was calculated from the sample
level, and from these calculations it was found that the pres-
sure decreased from roughly 650 Pa at the onset of the
experiment to 90 Pa at its end.

Determination of specific cake resistance
and settling velocity

The data presented in Figure 3 were used to estimate the
specific cake resistance and the settling velocity. This was
done by measuring the height of the clear water phase,
which increased during cake formation (stage A) and disap-
peared again during the pure filtration stage (stage B). Figure
4a shows the calculated values of hw.

The settling velocity was determined during cake forma-
tion (stage A), and the result was compared with the settling
velocity determined from a simple sedimentation experiment.
For the gravity drainage experiment, the settling velocity
was determined from the initial increase in hw (Figure 4a). It
was observed that hw increased linearly until t1 ¼ 2 min and
20 s. Equation 7 was fitted to the measured data obtained
during stage A (Figure 4b), and the settling velocity was cal-
culated to be 1.6 � 10�4 m/s. Data from the sedimentation

Figure 3. Drainage of a suspension of 12 g/L dextran-
MnO2 particles.

The actual level of the suspension is shown (ht), as well as
the level of the water-suspension interface (hc þ hs).

Figure 4. The height of the clear liquid phase (hw) in
the gravity drainage experiment shown in
Figure 3, i.e., a suspension of 12 g/L dextran-
MnO2 particles.

(a) Data from the drainage experiment, as well as a sedi-
mentation experiment, and (b) data from the drainage
experiment and simulated data for stage A (solid line), and
stage B (dotted lines).
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experiment are included in Figure 4a. The settling velocity
was almost identical during both drainage and sedimentation.
Thus, simple sedimentation experiments can be performed to
determine the settling velocity relevant to drainage experi-
ments. Settling can influence the drainage process, because
settling affects cake buildup. The impact of settling on the
drainage rate will be discussed in section ‘‘Simulation of
Gravity Drainage Processes.’’

Specific cake resistance is a parameter that describes how
difficult it is to dewater a given material. Using the method
presented here, it is possible to calculate the specific cake re-
sistance obtained during gravity drainage processes and com-
pare this value with the resistance determined during pressure
filtration processes. The specific cake resistance was deter-
mined during pure filtration (stage B). The total resistance
was calculated to be 1.2 � 109 m�1 by fitting Eq. 8 to the
measured values of hw obtained during stage B (Figure 4b).
The total resistance was given as the sum of the cake resist-
ance and the media resistance. Using the measured media re-
sistance of the clean filter paper, the average specific cake re-
sistance was calculated to be 1.2 � 109 m/kg. This resistance
was lower than the resistance obtained from piston filtration
experiments (approximately 4 � 1012 m/kg at 1 bar).11 Thus,
the cake was more loosely packed after the drainage experi-
ment than were cakes formed during piston filtration. The
measured resistance indicates that it is impossible to increase
the dewatering rate using higher pressure because the specific
cake resistance increases almost proportionally with pressure.
Drainage is, therefore, a good method for initially dewatering
organic material. If high-dry matter content is needed, drain-
age must be combined with cake consolidation.

The settling velocity and specific cake resistance were cal-
culated from four drainage experiments in which the feed
concentration of dextran-MnO2 particles in the sample was
varied between 8 and 45 g/L (Table 1). The settling velocity
decreased with particle concentration. This has often been
observed and explained as a result of hindered settling, i.e.,
hydrodynamic interaction between particles.17 Different
mathematical expressions exist for estimating the relative
settling velocity from the volume fraction of the particles,
i.e., us(relative) ¼ (1 � /p)

4.65.10 However, the particles are
water swollen in this case, and if the volume fraction is cal-
culated from the mass and the density of the dry materials,
the relative settling velocity is underestimated. At 45 g/L,
the estimated relative settling velocity has been calculated to
be 0.9, whereas it has been measured to be \0.2. The con-
clusion is that the settling velocity must be determined
experimentally as a function of concentration, i.e., from sim-
ple sedimentation experiments or drainage experiments.

The apparent average specific cake resistance has been
estimated as well (Table 1). The resistance was highest for

the sample with the lowest particle concentration. This could
be because the filter media resistance was underestimated
and the average specific cake resistance, therefore, overesti-
mated. This had a considerable impact on the calculated re-
sistance when the formed cake was thin and the total cake
resistance low. At higher particle concentrations, the resist-
ance was constant and independent of concentration. This
was reasonable because the initial height of the suspension,
and, therefore, the pressure drop across the cake, was the
same in all four experiments.

Cake compressibility

The dextran-MnO2 cakes were highly compressible. This
was, for example, observed from the data shown in Figure 3,
where the cake collapsed during the final stage of the drain-
age process. During this part of the process, the dry matter
content of the cake increased from 6.4% g/g to 9.0% g/g.
Moreover, the dry matter content of the cake formed during
the sedimentation experiment was estimated to be 4.6% g/g
(i.e., /0 ¼ 0.023). This dry matter content was lower than
that of the cake formed during drainage. Thus, the extra
drag on the cake structure from the liquid flow contributed
to the cake compression. The effective pressure at the bot-
tom of the cake was calculated to be pmem

s ¼ xg(1 � q/qs)
¼ 4 Pa during sedimentation, compared with 90–650 Pa dur-
ing drainage. The effective pressure at the bottom of the
cake is a function of both feed concentration and load.
As cake compression increases both cake porosity and spe-
cific cake resistance, both the drainage rate and the final dry
matter content increases with load and feed concentration.

To study cake compressibility in more detail, the local
solid-mass fractions were measured online. Figure 5 shows
the local solid-mass fractions measured at four different
positions in the cake, i.e., 2, 3, 5, and 7 mm from the top of
the filter media. Notice that after 28 min, the cake height was
lower than 7 mm, which is why no more measurements were
made at this depth. The data measured 3 mm above the filter
media will now be discussed. During initial cake buildup
(stage A), the solid-mass fraction increased to 8% g/g; during

Table 1. Experimental Data for Drainage of Dextran-MnO2

Suspensions of Varying Feed Concentrations

Concentration
[g/L]

Settling
velocity [m/s]

Resistance
[m/kg]

Cake height
[mm]

Dry matter
content

8 1.9 � 10�4 3.2 � 109 15.5 0.084
19 1.2 � 10�4 1.7 � 109 19.7 0.10
29 1.2 � 10�4 1.5 � 109 31.3 0.11
45 3.1 � 10�5 1.5 � 109 42.6 0.12

Figure 5. Local solid-mass fraction of the cake formed
when draining dextran-MnO2 particles.

The solid-mass fraction was measured online at different
positions above the filter media.
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stage B, the mass fraction was constant. The solid-mass frac-
tion remained constant during stage C, until the solid-mass
fraction of the cake exceeded 8% g/g; the solid-mass fraction
then increased to 9.5% g/g. Thus, during stage A, a cake first
formed and then became compressed. The solid-mass fraction
was higher at the bottom of the cake than at the top, which is
as expected for compressible cakes. During stage B, when
water was filtered through the cake, the cake neither became
compressed nor swelled. Finally, during stage C, the cake
became compressed from the top until a constant solid-vol-
ume fraction was obtained throughout the cake. After roughly
40 min, the drainage process ended and the solid-mass frac-
tion became constant and was measured to be 9.5% g/g.
Hence, the final collapse resulted in a cake with a constant
structural pressure throughout its thickness, indicating a cake
with homogeneous water distribution. If the cake is consoli-
dated after drainage, the best analytical models of the consoli-
dation will, thus, be one in which it is assumed that the initial
structural pressure is constant throughout the cake. Such a
model has been derived in Shirato et al.18

The static compressibility of the dextran-MnO2 cake was
determined from drainage experiments in which the feed
concentration was varied. As the solid-mass fraction was
constant throughout the cake at the end of the experiment, it
was possible to determine the cake compressibility by meas-
uring the dry matter content at the end of the drainage
experiment and compare it with the cake weight. Using data
from the experiments shown in Table 1, it was found that
the dry matter content increased with feed concentration.
The sample volume was the same in all four experiments,
and the increase in dry matter content was due to the higher
weight of the formed cake. Equation 15 was used to calcu-
late f(/), setting /0 ¼ 0.023 as found in the previous pre-
sented sedimentation experiment. Figure 6 shows the final
structural pressure throughout the cake as a function of f(/).
Equation 14 was fitted to the experimental data using linear
regression; b was thereby estimated to be 0.33, and Pa esti-

mated to be 24 Pa. In the literature, b is regarded as a com-
pressibility coefficient and a cake is termed highly compress-
ible if b [ 0.25.19 Furthermore, Pa was found to be lower
than the pressure drop across the cake, i.e., 90–650 Pa.
Thus, the estimated parameters indicate that the dextran-
MnO2 particles formed highly compressible cakes even at
very low structural pressure. This has also been demon-
strated in the case of biological sludge,20 although the situa-
tion is very different from that observed for minerals. Hence,
organic particles are also highly compressible at low pres-
sure, and this must be incorporated into the drainage model
as cake compression affects both drainage time and final dry
matter content. Cake compression is a function of media re-
sistance, feed concentration, and load.

Simulation of gravity drainage processes

The determined settling velocity, specific cake resistance
and cake compressibility were then used as input parameters
in simulating the entire drainage process. The simulations
were performed numerically using Eqs. 2 and 3.

As the cake was compressible, the structural pressure in
the cake was of particular interest because it influences the
solid-mass fraction and, subsequently, the specific cake re-
sistance. From the model, it is possible to simulate the struc-
tural pressure at the membrane-cake interface as ps ¼
gRmemuf A

�1. Figure 7 shows the simulated data. Different
values for the media resistance have been used to demon-
strate that the maximum structural pressure is strongly de-
pendent on the media resistance. Consequently, the cake
compression at the membrane is also expected to be strongly
dependent on the media resistance. The initial pressure drop
across the membrane is 650 Pa, and the calculated maximum
structural pressure is shown in Table 2 at different membrane
resistance values. For example, if Rmem is set to 8.1 � 108

m�1, the pressure at the bottom of the cake never exceeds the
pressure throughout cake at the end of the experiment. The re-
sistance of the media used was 9.7 � 107 m�1 and the

Figure 6. Cake compressibility. Data from four different
drainage experiments (Table 1), and a sedi-
mentation experiment.

The final dry matter content was measured at the end of the
experiments and Eq. 15 was used to calculate f(/). The final
structural pressure was calculated and plotted as a function
of f(/).

Figure 7. Simulated structural pressure at the sample-
media interface for different media resistances.

Feed concentration has been set to 12 g/L. The specific
cake resistance and compressibility data measured for cakes
consisting of dextran-MnO2 particles were been used in the
simulation model.
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structural pressure at the bottom of the cake declined during
drainage. Consequently, (1) the solid-mass fraction at the bot-
tom should be higher than throughout the rest of the cake, or
(2) cake compression should be reversible, so that the solid-
mass fraction at the bottom of the cake decreases during the
final part of the drainage process. This was not observed when
the local solid-mass fraction was measured (Figure 5). Accord-
ing to the theory of highly compressible cakes, most of the
pressure drop happens toward the very bottom of the cake.21

The resolution of the solid-mass fraction measurements was
roughly 1 mm, so it was impossible to measure the solid-mass
fraction just above the filter media. This could explain why it
was impossible either to detect a solid-mass fraction gradient
at the end of the process or to measure a decreasing solid-
mass fraction near the cake bottom.

Figure 8 shows simulated values of the actual level of the
suspension, ht, together with the experimental data from Fig-
ure 3. The following input data were used in the model
(solid line): a ¼ 1.2 � 109 m/kg, ms ¼ 1.6 � 10�4 m/s, hc,1
¼ 10.7 mm, and Rmem ¼ 9.7 � 107 m�1. The drainage rate
is overestimated during the initial part of the experiment, so
ht decreases more rapidly than was observed during the
experiment. This could be because the average specific cake
resistance decreased during the drainage experiment due
to cake compressibility and decreasing pressure across the
cake. Initially, the structural pressure at the bottom of the
cake was high, and the average specific cake resistance was
high as well. After a while, the structural pressure declined

and the newly formed cake structure was more loosely
packed than it would have been if the pressure difference
across the cake were constant during the experiment. This
resulted in a decreasing average specific cake resistance. An
apparent media resistance (R*mem) can be used to obtain a
better fit (Figure 8). During the final cake collapse, a small
deviation between the simulated and experimental data was
observed, because the drag in the cake from the increasing
capillary pressure was not incorporated into the model. To
do so, it would be necessary to know the empirical parame-
ters in Eq. 11, and model the local resistance and solid-mass
fractions in the cake using a more complicated model. How-
ever, the error is small and the model is useful for evaluating
how different input parameters influence drainage.

The model is used to study how the settling velocity influen-
ces the process. The largest difference between the simulated
curves of ht with and without settling is observed when
approximately half the sample is drained. Thus, in Figure 9,
the time required to drain 100 mL of the sample is plotted as
a function of settling velocity. The required drainage time is
short at a low-settling velocity, but increases when the settling
velocity becomes comparable to the drainage rate. The time
required to drain 100 mL increases by a maximum of 40% if
the particles settle. As seen in Figure 9, settling becomes im-
portant for the drainage process if usht is of the same order of
magnitude or more than udhc. Hence, the settling velocity us
can be determined from a simple sedimentation experiment,
and if usht 	 udhc, settling does not influence the drainage
model. In this situation, the settling velocity can be omitted
from the simulation model, i.e., it can be assumed that cake
height growth is proportional to filtrate volume. If the settling
velocity is unknown, the maximum drainage rate can be calcu-
lated, assuming that the cake height grows proportionally with
filtrate volume (us ¼ 0), i.e., stage B will not appear. The min-
imum drainage rate can be calculated, assuming that the cake

Table 2. Simulated Maximum Structural Pressure at
the Sample–Media Interface at Different Media Resistances*

Media resistance
[m�1]

Max pressure
[Pa]

Relative cake
thickness

9.7 � 107 397 31%
2.9 � 108 234 66%
5.8 � 108 170 86%
8.1 � 108 98 100%

*The relative cake thickness at time of maximum pressure is also shown.

Figure 8. Experimental and simulated data for drainage
of a suspension of 12 g/L dextran-MnO2 par-
ticles (cf. Figure 3).

Figure 9. Impact of settling on the drainage process.

Nine simulations were carried out in which only the settling
velocity was varied. The required time for draining 100 mL
of the sample was found as a function of settling velocity.
The vertical line indicates the actual measured settling ve-
locity of dextran-MnO2 particles.
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is fully builtup when the drainage process is started (us ! 1),
i.e., stage A will not appear.

The model simulation indicates that the required drainage
time increases almost linearly with feed concentration; fur-
thermore, the impact of the load has been studied as well.
Figure 10 shows simulated data assuming a constant average
specific cake resistance and a resistance that increases line-
arly with pressure. All input parameters are the same as used
in Figure 8 where the load was 7.07 cm; at this load, the av-
erage specific cake resistance was set to 1.2 � 109 m/kg. It
can be seen from Figure 10 that the required drainage time
increases proportionally with load if the resistance is con-
stant (i.e., in the case of noncompressible cakes); however,
for highly compressible material, the required drainage time
increases with load raised to the second power (highly com-
pressible cakes). Thus, for highly compressible materials
such as organic slurries, the load is very important for the
drainage result. If the load is doubled, the drainage time
increases by a factor of four assuming that the media resist-
ance is negligible. At the end of the drainage process, a
higher dry matter content of the cake will be observed if the
load is doubled. Thus, there exists an optimum load, for
example, on a filter press depending on drainage time (i.e.,
belt length and velocity) and media resistance. The feed con-
centration also influences the drainage rate and final dry mat-
ter content. The drainage rate increases proportionally with
feed concentration, because a thicker cake is formed at a
higher feed concentration. For the same reason, a higher dry
matter content is obtained at the end of the drainage process
if the feed concentration is increased. Now two alternative
methods exist for increasing the final dry matter content of
the cake: (1) increase the load, or (2) concentrate the feed. If
possible, the best solution is to concentrate the feed before
drainage, because the drainage time only increased by a fac-
tor of two when the feed concentration is doubled, not by a
factor of four as observed when the load is doubled.

Figure 10. Impact of sample load on the drainage
process.

Two series of six simulations were performed in which
the load was varied. In series 1, it is assumed that the resist-
ance was constant; in series 2, it is assumed that the resist-
ance increases proportionally with pressure. The required
time for draining 90% of the maximum possible drainage
volume was then calculated as a function of load.

Conclusion

A mathematical model was developed to simulate drainage
processes, and a new experimental method was used to deter-
mine needed input parameters: settling velocity, cake resist-
ance and cake compressibility. Dextran-MnO2 particle sus-
pensions were drained, and it was found that the mathemati-
cal model fitted the experimental data well. Dextran-MnO2

particles settled during drainage. However, settling only had a
small impact on the drainage process. The drainage time was
underestimated with less than 10% if settling was neglected
during the simulation. The cake resistance was 1,000 times
lower during drainage than during pressure filtrations. Thus,
pressurized filtration resistances cannot be used for drainage
simulations. Moreover, the formed cake was highly compress-
ible also at the low pressure obtained during drainage. In the
filtration step of the drainage process, a distinct increase of
dry matter from top to bottom of the cake was observed. Dur-
ing the subsequent consolidation step, the cake compressed
and a uniform dry matter profile was found. This is impor-
tant. Due to cake compression, the dry matter content of a
fully drained cake increases with both feed concentration and
volumetric load. Furthermore, for highly compressible cake,
the drainage time increased proportionally with squared volu-
metric load and not only linearly with load as for noncom-
pressible materials. Thus, the effect of volumetric load on
drainage time will be greatly underestimated if it is incor-
rectly assumed that the material is noncompressible.
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Notation

A ¼ cross-sectional area of cylinder, m2

c ¼ solid concentration in feed, kg/m3

h0 ¼ initial suspension level, m
hc ¼ cake height, m
hs ¼ distance between cake surface and sample-water interface, m
ht ¼ actual suspension level, m
hw ¼ height of clear water phase, m
L ¼ sample volume divided by cross-sectional area of cell, m
M ¼ sample mass, kg
m ¼ ratio of wet and dry cake mass, kg/kg
P ¼ applied pressure, Pa

Rm ¼ media resistance, m�1

S ¼ ratio between dry mass of cake and total filtrate volume, kg/m3

Vf ¼ filtrate volume; equals A(ht � h0), m
3

Greek letters

a ¼ specific filter cake resistance, m/kg
q ¼ filtrate density, kg/m3

qs ¼ particle density, kg/m3

Dq ¼ density difference between solid particle and liquid, kg/m3

u ¼ cake solid-mass fraction, kg/kg
/ ¼ cake solid-volume fraction, m3/m3

g ¼ filtrate viscosity, Pa s
md ¼ drainage rate, m/s
ms ¼ settling velocity, m/s
l ¼ attenuation coefficient, m�1

x ¼ amount of disposed material per unit media area, kg/m2
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