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Abstract

Mathematical Modeling of Cake Filtration
Using Filter Number and Experimental
Verification

Mohsen Taghavi-Jeloudar
Department of Civil and Environmental Engineering
The Graduate School

Seoul National University

Recently, dewatering has received great attention in many fields,
including; particle separation, wastewater sludge treatment, pharmaceutical
industries, wineries and food waste management in which solid and liquid
separation is important. Among the several types of sludge dewatering
techniques, the most widely used is cake filtration. In cake filtration a
positive pressure is applied to force liquid through the cake and filter
medium. The cake filtration can be divided into two phases; filtration phase
and expression phase. In filtration phase liquid pass through the cake and

filter medium while a free suspension is still left on top of the cake. However



the expression phase focuses in the removal of the water by squeezing the
cake. In expression phase the sludge and filter resistances are stabilized. For
decades, the performance of cake filtration has been modeled based on the
cake resistance and/or filter blockage. However further study and
development of less complicated model is required to appropriately assess
the relationship between the cake and the filter resistance, especially filter
clogging, as well as the conditions of both the filtration and expression
phases.

In this study, a new model for evaluating the filtration and expression
phases of a one-dimensional cake filtration process is proposed. The effect of
the filtering medium resistance was considered applying energy law and
using a new concept of filter number (FN). The effects of the governing
parameters on the model predications for both the filtration and expression
phases were also investigated. Based on sensitivity analysis of the model on
the governing parameters, during the filtration phase the effect of the cake
hydraulic conductivity was found to be negligible whereas the compacted
sludge layer and filter medium plays the primary role. On the other hand, the
hydraulic conductivity of the filtration cake is the dominant factor during the
expression phase. Moreover the findings of the model sensitivity analysis are

also used to make some cake filtration suggestions.

Four filtration experiments with two types of filter at two pressures



(300 kPa and 500 kPa) were performed for wastewater sludge from
Gawchon wastewater plant and repeated (totally 8 tests). The Experimental
data obtained in this study were used to verify the proposed model. The
experimental data and model prediction were compared and regression
analysis was made to find the agreement and disagreements part of the model
with data. Based on observations form laboratory tests, we found that the
new model provides a mean relative error (MRE) of 21%, 31%, 28% and 29%
between predicted and observed values of the filter types | and Il at 300 and
500 kPa respectively.

The model can be used to predict the time for achieving the certain
percent of sludge dewatering which can be very useful in many industrial
applications. Pressure and time in the real operational field means energy and
money. In some cases, pressure is the limiting factor and sometimes time is
the limiting factor, depending on the type of sludge and condition. Based on
the demand to achieve the certain degree of dewatering and also by
considering the limiting factors of the company, it is possible to plot
dewatering operational graph based on model prediction into the most

economical way that the company can have.

Keywords: Sludge dewatering, Cake filtration, wastewater, filter number

Student Number: 2011-30792
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CHAPTER 1:

INTRODUCTION

1.1. Background

The treatment of wastewater and/or contaminated soil is a well-known
process in environmental and geo—environmental engineering. Several
techniques have been developed in this regard and executed for a long time.
However, large amounts of sludge are produced in this process.
Subsequently, management of the produced sludge is a challenging issue for
environmental engineers. The direct disposal of the sludge to the
environment has been found to impact on the environment and human health,
due to the presence of heavy metals, pathogens and pesticides in the sludge
(Singh et al., 2004).

Sludge dewatering is a physical (mechanical) unit operation used to
reduce the water content of sludge so that it can be handled and/or processed
as a semi-solid instead of as a liquid. The unite processes that are most often
used for sludge are: (1) Cake filtration, (2) Vacuum filtration, (3)
Centrifugation and (4) Drying beds (Spellman, 1997). Recently, dewatering

has received great attention, in the civil and environmental engineering fields.



The significance of sludge dewatering is summarized in following

(Metcalf & Eddy, 1991):

» The cost of transporting sludge to the ultimate disposal site is greatly
reduced when sludge volume is reduced,;

> Sludge dewatering allow for easier handling;

» Sludge dewatering (reduction in moisture content) allows for more
efficient incineration;

> If composting is the beneficial reuse choice, dewatered sludge decreases
the amount and therefore the cost of bulking agents;

> With the USEPA’s new 503 rule, sludge dewatering is required to render
the sludge less offensive;

» When land filing is the ultimate disposal option, dewatering is required to
reduce leachate production.

Dewatering is used in a variety of fields including sewage and wastewater
(Robles et al., 2013; Yuan et al., 2011), agriculture (Szbgi et al., 2006),
pharmaceuticals (Golla and Johnson, 2006), food waste (Mohmoud et al., 2010)
or tofu sheet (Xia et al., 2003), wineries (Rayess et al., 2011), mineral
processing (Pearse, 2003), construction and dredging (De Maeseneer, 1997,
Hajjar et al., 1998), pulp and paper production (Chen et al., 2002; Rojas and

Hubbe, 2004), and biotechniques and bioreactors (Grassia et al., 2008).



Of the several types of dewatering methods available, the most widely
used and simple method is cake filtration dewatering. When compared with
other dewatering techniques, such as vacuum filtration, centrifuging or
thermal dewatering (evaporative processes) for water reduction, cake
filtration dewatering is often selected due to its simple application, high
efficiency and low energy requirement (Vaxelaire et al., 1999).

In cake filtration, a positive pressure is applied whereas the cake and
filtering medium resist it (Fig.1.1). As the liquid phase flows through the
sludge particles and filtering medium, the height of sludge--h drops with time.
The cake filtration can be divided into two phases: i) Filtration phase: the
clogging of filter medium starts right after the filtration process starts but for
a short time. The retention of the solid particles by the filtering medium
results in the small particles of sludge accumulates on the surface of the filter
medium and creates “Skin Layer”. The skin layer acts like a filter and raises
the sludge resistance dramatically during filtration phases. In this phase, a
free suspension is still left on top of the cake (Curves et al 2007), (Fig 1.1.a).
i) Expression phase: After disappearance of the free suspension, the
remained liquid left in the cake pores is forced out from the cake. This phase
is called the expression phase or cake compression phase (Curves et al 2007).

The expression consists in the removal of the water by squeezing of the cake



(Oliver et al, 2007). In this phase, the cake has already been formed and both

the sludge and filter resistances have stabilized (Fig 1.1.b).

Pressure.

Out Flow Out Flow

Figure 1.1 Filtration and expression processes

The objective of cake filtration modeling is to correctly predict the
change in sludge height with time under the physical-chemical conditions of
the sludge and the applied pressure. Despite the relative simplicity of the
process, the design and the verification of the installations are still largely
empirical (Oliver et al, 2007).

Cake filtration modeling has been a subject of interest for decades, and
many models have been proposed by researchers from different scientific

backgrounds, especially in chemical engineering, soil mechanics, civil and



environmental engineering. Some detailed review papers on the subject have
been published (Wakeman 1981, Shirato et al 1985, Lee and Wang 2000).
Considering that the performance of cake filtration depends on both the
property of cake and filtering medium it is necessary to appropriately assess
the constitutive relationship between the cake and the filter resistance,
especially filter clogging as well as the conditions of both the filtration and
expression phases. However the existing models do not provide adequate
information about the resistance and the changes caused by clogging. In the
majority of works on cake filtration modeling, the applied medium resistance
is based on a filter medium resistance coefficient Ry, using the Darcy
equation, which does not adequately represent the effects of the filter on the
filtration process.

The purpose of the present study is to develop a new cake filtration
model of a one-dimensional, vertical filtration process mathematically and to
verify with laboratory experimental cake filtration data. The model considers
the energy losses made by both cake and filter resistances. The formulation
of the governing equation of the model entailed the Bernoulli principle,
Darcy’s law and the continuity condition, resulting in a differential equation.
In order to take the medium resistance into consideration in the model and
obtain a numeric solution, a new dimensionless number termed the Filter

number (FN) was introduced, which can represents the filter properties (e.g.



the opening size and shape) during cake filtration process. The equation was
numerically solved for the filtration phase, and analytically solved for the
expression phase. The effects of the governing parameters on the filtration
and expression phases were also analyzed. The application of the new model
to predict the filtration time at different physical and chemical condition is
investigated on wastewater sludge management and operational diagram for

predict wastewater dewatering time is developed.

1.2. Research objectives

This work aims to

1. To developing an analytical cake filtration model for one dimensional,
one side filtration to simulate and predict the change of sludge height
with time under the physical-chemical conditions of the sludge and the
applied pressure.

2. To introduce dimensionless Filter Number (FN) to characterize filter
parameters both for clean filter and clogged filter during cake filtration.

3. To analysis the model sensitivity to governing parameters.

4. To evaluate the performance of the developed model with filtration
experimental data on wastewater sludge.

5. To investigate the applications of the developed model on predication of



the wastewater sludge dewatering and suggest operational diagram for

wastewater treatment proposals.

1.3. Dissertation organization

This dissertation consists of 6 chapters (Figure 1.2): The first chapter
deals with introduction about general cake filtration back ground and
objectives of this study. Chapter 2 provides a detail literature review on
existence cake filtration modeling research interest and statues. Chapter 3
presents the proposed model derivation and model sensitivity to governing
parameters. Chapter 4 consists of model verification with laboratory
experimental data and model error analysis. Chapter 5 contains the model
application to wastewater sludge dewatering technology. In this chapter the
some operational graph is developed to predict sludge dewatering time.
Finally, chapter 6 gives a summary of the dissertation and concludes overall

the study and is mentioned the limitations and further study.
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CHAPTER 2:

Literature Review

2.1. Introduction

Modeling of cake filtration has been a matter of interest for decades,
and many filtration models from different scientific backgrounds, especially
in chemical engineering, soil mechanics, civil and environmental engineering.
Some detailed review papers on the subject have been published (Wakeman,
1981, Shirate et al, 1985, Lee and Wang, 2000, Yu kseler et al, 2005 and
J.Olivier and Vaxelair 2007). Overall the different filtration models are all
derived on the same basis with fundamental equations of continuity equation
and momentum balance, and material properties parameters of
compressibility and permeability. The discrepancies between the different
approaches are essentially due to the way of these equations and parameters
derived (J.Olivier and Vaxelair 2007).

Modeling of sludge filtration and expression can be divided into five groups.
The five methods are described extensively by Lee and Wang (2000) and
Oliver and Vaxelair (2007). The following section provides a summary of

the exiting cake filtration model.



2.2. Conventional Modeling (Specific resistance)

The conventional filtration and consolidation theory originates from
Ruth's pioneering work (Ruth et al., 1933a,b; Ruth, 1935, 1946), The model
is based on analogy with Ohm’s law and the total resistance is the sum of the

cake and filter medium resistance:

dh 1 AP AP
dt HagyV h HRfm

1)

WhereAP is the total pressure drop across the whole system (cake +
filter medium), V¢is-the-velume-of-filtrate—u is the liquid viscosity, v is the
ratio between the volume of cake deposited and the volume of filtrate
collected, a,, is the cake average specific resistance in volume expressed in
m, and Ry, is the resistance of the filter medium (m™). Tiller, Shirato and
coworkers widely developed the contemporary two-resistance theory on the
basis of compressible cake filtration. Wakeman (1981a,b) reviewed pertinent
literature prior to 1981. He et al. (1997a,b) later reviewed related
investigations on filter cake characteristics.

The development of conventional theory consists of two steps: (1)
combining the mass balance equation and the momentum balance equation
(Darcy's law) for liquid phase in the cake to form the governing equation

with both porosity and liquid pressure as dependent variables and (2)

10 1



assuming that only point contacts exist between particles. With the assistance
of some empirical equations related to solid pressure and porosity, the
number of dependent variables in the differential equation obtained from step
(1) reduces to only one, usually representing the solid pressure. Under
appropriate initial/boundary conditions, the governing equations can be
analytically or numerically solved. Modeling works in previous literature
differ in terms of the different constitutive equations and boundary/initial
conditions used (Lee and Wang, 2000).

As it is mentioned conventional modeling is widely based on two key
parameters, the specific cake resistance (o), and the solid pressure (PS), to
describe the liquid flow through the cake and the consolidation stages,
respectively. The notion of specific cake resistance comes from pioneer
works on filtration mechanics, such as the ones of Ruth et al. (Ruth et al.,
1933a,b; Ruth, 1935) whereas the origins of the solid pressure concept
mostly refer to soil mechanics field. The solid pressure (also called
“compressive stress” (Tiller and Huang, 1961, Shirato et al., 1969,
Stamatakis and Tien 1991, Wu 1994, Lee et al 2000), compressive drag
pressure (Tiller and Green 1973), cumulative stress or accumulative drag
pressure (Tiller and Crump 1977, Tiller et al. 1981), contact pressure
(Sorensen et al. 1996), structure stress (Sorensen et al. 1997) represents a

core concept in conventional filtration modeling. It considers that a force (Fs)

11 :.__:



due to the flow of the liquid through the filter cake is transmitted by friction
with the solid particles. This force transmitted by the liquid to the solid
builds up from particle to particle, up to a maximum at the filter medium
level. At the same time, the liquid loses some of its energy and its pressure
decreases to reach its lowest at the filter medium level (Oliver et al 2007).
The average specific cake resistance (oay) Of the filter cake, which is
the quantitative measurement of the filterability of suspension. It is assumed
that the flow rate is uniform throughout the entire cake in filtration of dilute
suspension. With this assumption, a,, is defined by the expression (Tiller et

al. 1960)

_ Ps—Pp, AP,

Aoy = ~P.—p = —4p
o> M1/adps [, ©1/adps

)

where Py, is the pressure drop across the membrane, a is the local specific
cake resistance of the filter cake, Ps is the local solid compressive pressure,
and AP is the pressure drop across the filter cake. By EQ. (2), o,y Can be seen
to be a function of the effective pressure AP across the filter cake. The
average specific cake resistance oy, Varies with the pressure drop AP across
the filter cake in the case of the compressible filter cake. In calculations of
cake filtration process it is necessary to relate o,y to AP. by means of
empirical formulas. The power law expression has been generally utilized for
moderately compressible filter cake as follows (Sperry 1921):

12 1



gy = alAPcn (3)

Where o, and n are the empirical constants and n is especially termed
the compressibility coefficient, reflecting the degree of the compressibility of
the filter cake. The higher the n-value, the more compressibility the cake is.
Tiller and Cooper (Tiller and Cooper, 1962) assumed that the local specific
cake resistance a may be constant below some low pressure pi, and proposed
the empirical equations representing a as a power function of the solid
compressive pressure Ps leading to

a=ayP* P =P
{a = ayP" P <P, (4)
Where ap and P; are the empirical constants, on the basis of Eq. (4), the

relation of AP, to a,, becomes (Tiller and Lue 1980)

_ag(1-n)APE
Fav = TP i/apy1 )

Later, Tiller and Leu (Tiller and Lue 1980) proposed another empirical

equation relating a to Ps as follows

Aav = Ao (1 + _)n (6)

Where n and P, are the empirical constants. Based on Eq. (6), the relation

between ag, and AP becomes (Tiller and Lue 1980)
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_ 20(1-n)(AP¢/Pa)
Fav = G ape/Pen-1 (7)

By considering the analogy between Egs. (3) and (4), a new empirical

equation similar in form to Eq. (6) is proposed as

Aay = A1 (1 + AP_F;c)n (8)

where oy represents the empirical constant. In this paper, the applicability of
these empirical equations is examined based on the experimental data of the

pressure dependence of agy.

2.3. Diffusional modeling (Piezometric head)

The modeling proposed by Smiles et al. (Smiles, 1970, Smiles and
Kirby 1987, Smiles 2000) is quite different to the two approaches presented
above. It used the “piezometric potential” of liquid (which can be directly
measured by using a piezometric tube) instead of liquid pore pressure in the
Darcy’s law and derives the filtration equation in the form of a diffusion-like

equation. Neglecting the gravity effect they produce the following g equation:

=am(P@5) ©)

where e is local void rate, w is arbitrary position in cake (m) and

D(e)=(k/u(1+e ))(dd/de ) and ®=¥+gx in which @ is piezometric head (m)
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and ¥ is piezometric potential. Eq. (9) resembles a nonlinear diffusion
equation in which diffusivity D is required for completing the formulation.
The experimental procedures for determining D are available in many works
(e.g. Meeten and Sherwood, 1994). Furthermore, Smiles approach did not
define the interface between cake and slurry, which requires an extraneous
equation in his formulation. In addition to modeling the filtration process as
a diffusional problem, Atsumi and Akiyama (1975) and Wakeman (1978,
1986) introduced a moving singular boundary to differentiate the slurry as
well as the cake regimes. The approach adopted in Wakeman (1978, 1986)
was based on space coordinates, while for Atsumi and Akiyama (1975), it

was based on material coordinates. Their constitutive equation of D is:

D(e) = asexp(1.6(e* —e)) (10)
and that for Wakmean (1978,1986) is:

D(e;) = asexp(bs(e; — e./& — €m)) (11)

where e* is initial void rate, as, ag and bg are empirical constant as fitting
parameters, €; and e, are the porosity at cake/slurry interface and at the filter
medium surface, respectively. Diffusional modeling is not significantly used
through the filtration literature, apparently because its development is

conceptually difficult (Wakeman 1986, Tosun 1986).
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2.4. Multiphase (3D)

Another way of cake modeling is developed by Willis and co-workers
(Willis and Tosum, 1980, Willis et al., 1984, Chase and Willis 1992 and
Tosun et al., 1995). Their works is based on the multiphase theory. They
derived the fundamental Equations in 3D at the scale of each of the phases
(each one assumed to be continuous). Then to overcome the poor knowledge
of cake structure they carried out a change of scale by volume averaging
(Gray 1975, Whitake 1977). The link between the relations established on
each phase is ensured by the usual boundary conditions holding for
continuous media (velocity and stress continuities). This averaging technique
consists in integrating the equations written at the phase scale, on a
characteristic averaging volume for which all physical quantities are defined
by their average on the averaging volume. The changeover to this new scale
called local (or macroscopic) allows the averaging volume to be considered
as a material point of an equivalent homogenous medium.

Later Willis and Tosun (1980) formulated their mass and momentum
balances in filtration on the basis of multi-phase theory. The momentum
balance equations for incompressible, Newtonian fluid flowing through an

isothermal porous medium can be stated in the following
V()= -2 @ - ) (12)
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Where K™% is the permeability tensor based on two-phase theorem (m?). The
point contact assumption can only be achieved by setting .= 1.0. On the
basis of their calculations, most of the drag force occurs at the cake/septum
interface rather within the cake body.

Multiphase modeling is used little through the literature; the
conventional approach and the model based on the Buscall and White works

(1987) are the most used currently (Stickland, 2005).

2.5. Particle dynamic approach

Simulations of particle dynamics originate from studies of physics and
chemistry since the development of digital computers. In particulate
technology, Houi and Lenormand (1986) used a sticking model to describe
deposition of spheres on filter fibers. Tassopoulos and Rosner (1992)
employed a rolling scheme for 3D simulations.

Lu and coworkers thoroughly elucidated the cake formation in
filtration using particle dynamics modeling (Lu and Hwang, 1993, 1995;
Hwang and Lu, 1997; Hwang et al., 1997a, b; Lu et al., 1997a). In those
investigations, particles were released in slurry, whose trajectories were
determined by Newton's 2nd law of motion. They also considered the force
balance, including gravity force, inertial force, lift force, hydrodynamic drag

force and others. Notably, they assumed a parameter, i.e. the critical friction
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angle, to determine the static stability of the particles. The direct information
obtained from these modeling works is mainly the porosity distribution
within and on the top surface of the filter cake. Evaluating permeability or
local specific resistance requires extraneous models, such as the Kozeny
equation employed in Lu and Hwang (1995). Owing to that only a local force
balance is considered, there is no necessity for a priori assumption of
relationship between solid stress and local porosity. In addition, no definite
initial and boundary conditions are necessary in modeling. Fig. 3 summarizes

the simulation results of the study of Liao (1997).

> axis

sy X

Fig 2.1. (a) Algorithm for dynamic particle simulation (b) some simulation
results, data from Liao (1997)
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2.6. Consolidation Theory

If we assume that the consolidation theory can be applied to sludge
(Chu and Lee, 1999; Chang and Lee, 1998), water drainage in STW can be
explained by the pressure exercised by the residual sludge layer. If the sludge
layer compared well to an unsaturated soil, the process could be simulated by
means of a porous flow model using the Richards equation. However, if we
assume that the sludge layer is saturated for some days after loading, then the
consolidation theory can be applied (Uggetti et al. 2012).

The process of consolidation is here explained in an ideal system
composed of a spring, a container with a valve in its cover and water (Fig. 1).
In this system, the spring represents the compressibility of the sludge and
water represents pore water in the sludge. Initially, the container is full of
water and the valve is closed, representing fully saturated sludge (Fig. 1a). If
a certain load is applied to the cover when the valve is still closed, water
pressure is developed (Fig. 1b). This corresponds to the pressure exercised
by the weight of the sludge layer in STW. As soon as the valve is opened
(Fig. 1c), water starts draining through the valve due to excess pore water
pressure. This represents water percolation in STW. When excess pore water
pressure is fully dissipated, water drainage stops and the spring alone resists

the load (Fig. 1d).
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a b c WATER d NO WATER

VALVE VALVE EXCAPING FLOW
CLOSED CLOSED '} v 1
RHB SRR “ i
SPRING
CHAMBER FILLED WATER UNDER WATER PRESSURE WATER PRESSURE
WITH WATER PRESSURE DECREASES RELIEVED

Fig 2.2. Diagram representing the process of consolidation; a) The container is
completely filled with water and the hole (valve) is closed (fully saturated soil); b) a
load is applied onto the cover, while the hole is still closed; c) the hole is opened
and water drains out due to excess pressure; d) when excess pore water pressure is
fully dissipated, flow through the soil pores ceases, and the system reaches an
equilibrium position, with a compressed soil skeleton resisting the applied force

(adapted from Lambe and Withman, 1979).

The one-dimensional consolidation theory of Terzaghi (Terzaghi and Peck,

1967) is based on the following assumptions:
1. Soil is homogenous (uniform in composition throughout).
2. Soil is fully saturated (zero air voids due to the high water content).

3. Solid particles and water are incompressible (water density is constant and

any change of soil volume is only due to change in void ratio).

4. Compression and flow are one-dimensional.
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5. Strains in the soil are relatively small.

6. Flow of water in the soil voids is one-dimensional (Darcy’s

Law is valid for all hydraulic gradients).

7. The coefficient of permeability and the coefficient of volume

compressibility remain constant throughout the process.

8. There is a unique relationship, independent of time, between the void ratio

and effective stress. Equation (13) is derived from Terzaghi’s consolidation

theory:
%u  ou
vz = o (13)

Where C, is the consolidation coefficient (m%s), u is the interstitial
pressure (N/m s%), z the distance (in our case, sludge height) (m) and t is time

(s). Equation (13) can be expressed as a dimensionless equation:

9%u _ oU

az2 _ aT (14)

Where U=u/Ac is the consolidation ratio, Z=z/H is the point where
consolidation is considered, T=c,t/H? is the time factor and Ac the pressure

variation (H is the initial cake height).
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2.7. Conclusion

Table 2.1 summarize the literatures on cake filtration models. Although,
using specific resistance factor in conventional modeling, produces some
good and simple models, however because the models equations do not
describe the cake structure very well, it is highly debatable, whether it works
for compressible materials. Other cake filtration models such as pizometric,
multi-phase and particle dynamics models attempted to consider the cake
structure and changes during filtration and expression phases but their model

are conceptually difficult and consist many complicated equations.

Table. 2.1 Summary of literature on cake filtration modeling

_— Sludge Filter
Constitutive . .
Theory Researcher Year : particle clogging
equations .
resistance | effect
Conventional Ruth et al. 1933 Power-law
: Tiller 1953 e 0 X
del . &d t
Mmodeling Shirato etal. | 1969 erivatives
L Smiles 1970 .
oy | Wakeman | soar | Postmenaly | o | x
Tosun 1986
Multi-oh Whitaker 1967 Exoeri '
™| Grayeral |agrs | oo | x| x
Willis, Tosun | 1980
. Houi et al. 1986
I;artlcle_- Lu & Hwang | 1995 Zolzver-law X X
ynamics Liao 1997 ozeny edq.
Energy Eqg. Energy Law.& 0 0
and FN Present Study Filter Number

O = considered in the model and X= not considered in the model
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Considering that the performance of cake filtration depends on both the
property of cake and filtering medium it is necessary to appropriately assess
the constitutive relationship between the cake and the filter resistance,
especially filter clogging as well as the conditions of both the filtration and
expression phases. However the existing models do not consider the effect of
filter clogging and compacted skin layer appropriately and do not provide
adequate information about the change of resistance caused by skin layer and
clogging. In the majority of works on cake filtration modeling, the applied
medium resistance is based on a filter medium resistance coefficient Ry,
using the Darcy equation, which does not adequately represent the effects of

the filter on the filtration process.
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CHAPTER 3:

Cake Filtration Equation

3.1. Introduction

Fig.3.1. shows the schematic diagram of cake filtration process. The
purpose of cake filtration modeling is to correctly predict the filtration rate
during filtration and expression phases. On the other hand, the cake filtration
modeling attempts to calculate the change in sludge height h with time t,
under the physical-chemical conditions of the sludge and the filter medium
and the applied pressure (Fig. 3.1). In cake filtration process, pressure is the

main driving force of the dewatering, whereas the sludge and filter resist it.

Filtration Expression

B}

Sludge height, h

Cake height L

uoissaldx3 joy uone |1y wo.y awi Bungiys

~+
w

Filter n Time. t

Figure 3.1 Schematic diagram of cake filtration. And h-t curve during
filtration and expression phases

24 7]



Developing a comprehensive model which includes both the property
of cake and filtering medium especially considering the clogging effect is the
need to progress in the cake filtration and expression modeling. ts is the
shifting time which separate filtration phase and expression phase. This time

differs with the type of sludge and pressure.

This chapter describes the modeling theory and development of the
new cake filtration model of a one-dimensional, vertical filtration process
both for filtration and expression phases. The proposed model considers the
energy losses made by both cake and filter resistances. The formulation of
the governing equation of the model entailed the Bernoulli principle, Darcy’s
law and the continuity condition, resulting in a differential equation. In order
to take the filter medium resistance into consideration in the model and
obtain a numeric solution, a new dimensionless number termed the Filter
number (FN) was introduced, which can represents the filter properties (e.g.
the opening size and shape) during cake filtration eake-filtration process. The
equation was numerically solved for the filtration phase, and analytically

solved for the expression phase.

25 :.__:



3.2. Cake filtration Model

3.2.1. Model theories

The conceptual diagram of the cake filtration process is shown in Fig.
3.2. By applying Bernoulli equation between the point (a) at the sludge
surface and the point (b) at the bottom of filter medium, and including the

head loss through cake (AEcae) and filter medium resistance (AErier), We

have:

Ey = Ep + AE qke + AEfjpter (1)
P U2 P U2

R Rl e Ry ?

where E, and Ey are the total energy heads at points (a) and (b), respectively
(m); P is the pressure head (Pa-N/m?); y is the specific weight of the fluid at
all points in the fluid (Nm®); U is the flow velocity (ms™); g is the
acceleration due to gravity (ms?); and Z is the elevation of the point (m)

above a reference plane (e.g. filter medium).
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Filter medium Z
u

0
0
U

Figure 3.2 Conceptual diagram of cake filtration process (hg is the initial
height of the sludge) the point a is on the sludge surface, whereas point b is

at the bottom of the filtering medium)

The fluid velocity head at point (a) is negligible ([U%2g].= 0). If point
(b) is considered as the reference plan ([Z], = 0), then the distance to point (a)
would be equal to the length of the sludge ([Z].= h). The pressure at point (a)
is equal to the applied filtration pressure ([P]. = P). Because point (b) is
considered to be the lower part of the filtering medium, the pressure is zero

([P]» = 0) which reduces Eq. (2) to

P 2
; +h= Z_g + AE ke + AEfilter (3)

Where uis the flow velocity through the filter medium (ms™).
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3.2.2. Head loss through cake

Darcy’s law (1856) is generally used to predict flows through porous
media with negligible solid velocity. On this theoretical basis, various
equations for simulating the flow through a filter cake for filter designs or
interpretation of experimental data have been developed (Li et al. 2011). One
of the assumptions of darcy equation which limits the application of it for
sludge is that the solid particles are assumed as incompressible or barely
compressible. It is highly debatable, whether it works for those materials for
which the hypothesis of a rigid cake is not acceptable e.g. waste biological
sludge of harvested algae. In the present study, Darcy’s law was used to

predict the energy head loss due to the cake resistance.
Q = kA=cake (4)

where Q (m>s™) is the total discharge, which is equal to the product of
the cake hydraulic conductivity k (ms™), and the cross-sectional area A (m?),
and the head drop AE 4k (M), divided by the length over which the head
drop occurs, which is the cake height L (m). The head loss of the cake can

thus be obtained as

LQ
AE qke = XA (5)
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In the case of compressible sludge such as biological waste or
harvested algae the average specific cake resistance o, Which is described in
chapter 2 can be used instead of hydraulic conductivity K. aa=y/uk, where p
is the viscosity of the fluid phase (Pa.s). (Oliver et al., 2007, Cheng Lin et al.,
2013, Iritani et al., 2012).

The total pressure applied P on the sludge comprises the liquid pressure

PLand the solid stress Ps (Tiller et al., 1972; Walkman and Tarleton, 1999):
P = PL + PS (6)

During the filtration phase, the solids touch each other without exerting solid

stress (Ps=0). The solid stress begins at t; and reaches P after a long period.

Total pressure P =P, + Pg

.......
________
.
.
wst®
.
.
.
Py
o
o
.

_ _ " —— Liquid pressure P
P;=Average solid stress ¢

— = Total pressure P

Pressure (kPa)

..... Solid stress P

te Time(s)

Figure 3.3 Distribution of total pressure between liquid pressure P, and solid

stress Ps

29 I ] -11 =1



Therefore, during filtration phase there is no pressure of solid parts of the
cake and the hydraulic does not change much. The theoretical analysis of
Lee et al. (Lee et al 2000) the porosity change during infiltration is minimal.
In the expression phase, the compression of the cake layer may cause
the hydraulic conductivity to be time dependent (Bugge et al., 2012;
Jargensen et al., 2012). However the hydraulic conductivity of the sludge
may change suddenly during the shift time from filtration to expression (Lee
et al 2011). The hydraulic conductivities of various kinds of sludge have also
been previously investigated (Chung et al., 2006; Glendinning et al., 2010;
Inzumi, 2003). In our model, we considered the average hydraulic
conductivity of the cake k., , during expression phase which can be
calculated using the power-law relationships as formulated by Tiller and Leu
(1980) The method is most frequently use for modeling the dewatering of

extremely compressible materials:
n -n
= (142) S kay =k (1+2) (7)

where, P, is the average solid pressure, and P, and n are empirical constants.
Therefore P, is assumed to be half of the total pressure P during the filtration

phase (Fig 3.3).
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There are two broad categories of determining hydraulic conductivity:

(1) Empirical approach by which the hydraulic conductivity is correlated to
sludge properties like pore size and particle size (grain size) distributions,
and soil texture. Several equations are developed in this regards.

(2) Experimental approach such as constant-head method and falling head
method by which the hydraulic conductivity is determined from

hydraulic experiments using Darcy's law.
3.2.2.1. Determination of hydraulic conductivity
(1) Constant-head method (ASTM D5084-01)

The constant-head method is typically used on granular soil (Fig. 3.4.a)
this procedure allows water to move through the soil under a steady state
head condition while the quantity (volume) of water flowing through the soil
specimen is measured over a period of time. By knowing the quantity Q of
water measured, length L of specimen, cross-sectional area A of the
specimen, time t required for the quantity of water Q to be discharged, and

head h, the hydraulic conductivity can be calculated:

_ QL
k= Aht (8)
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(2) Falling-head method (ASTM D5084-03)

The falling-head method is totally different from the constant head
methods in its initial setup (Fig. 3.4.b). However, the advantage to the
falling-head method is that it can be used for both fine-grained and coarse-
grained soils. The soil sample is first saturated under a specific head
condition. The water is then allowed to flow through the soil without

maintaining a constant pressure head.

k= 2.3al log (:_:) (9)

At

Figure 3.4 Determination of hydraulic conductivity by experimental

approach a. constant head method, b. falling head method
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(3) Tracing method

The common hydraulic conductivity determining methods, like
constant head methods or falling head methods are not appropriate for sludge
especially high compactable sludge like wastewater sludge. The particles of
sludge are significantly small and breakable also due to the specific
characteristics of sludge, like bad smell, the common use methods of
hydraulic conductivity measurement are hard to be operated. Therefore, a
specific method for calculating the hydraulic conductivity has been designed
and executed in this research which called tracking method. In this method

some tractable liquid like milk is used instead of water with sludge.

3.2.2.2. Sample calculation of hydraulic conductivity k

Falling head method:

The first experiment is to find ko which is the hydraulic conductivity
of sediment sludge. For this purpose, a falling head experiment has been
applied on the sludge. Figure 3.5 is presenting the schematic and practical
view of the falling head apparatus. The cylinder is filled with 5 cm of cake
sample and back pressure method was applied to saturate the specimen up to
300 kPa. And the barrier used had a larger hydraulic conductivity than the

sludge.
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hy

h,
D=10cm

Figure 3.5 (a) Schematic and (b) practical view of Cake Hydraulic

Conductivity Falling Head Experiment Set-Up

The falling of water level was recorded between time t. Based on Eq. (9), the

hydraulic conductivity of sludge is being calculated as:

i = 2.3al l (hl)
~Tar  %\n,

_2.3(0.9cm)2x5x10™2m
- (10cm)2x86S

ko

44 —
log(5) = k = 5.54x 10 "m/s

And for the average hydraulic conductivity the results is:

ko = 2.3(0.9cm)?x5%x10~%m
av " (10cm)2x755S

44 —
log(55) = k = 6.1x107°m/s
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Tracking method

Also, the tracking method has been applied for the same sludge. 50 ml glass
tube (Fig. 3.6.a) is filled with fresh wastewater sludge for 10 cm depth of
sediment cake and the free water on top of the cake is removed. 20 mi
diluted milk is added to the top of the sludge. Because of the black color of
sludge, the milk was used so that it is easier to track its movement. In this
case, to make the viscosity of the milk closer to water, it was diluted with
seven times volume of water. Pressures (300 kPa) have been applied to the
system and the milk move through the sludge, the time when the first drop of

mild comes out is recorded as At.

On

Milk

AN
|
o

Figure 3.6 (a) Schematic and (b) practical view of Cake Hydraulic

a

Conductivity Tracking Method Experiment Set-Up

The hydraulic conductivity of the sediment cake can be calculated through

the EqQ. (12)
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L AP L2
L ﬁ—:k—ﬁkoz—
AtP

L At L (12)

In this case: k, = (0.1m)?/(380s)(31m) = 8.5E — 7m/s The second
experiment is to find the average hydraulic conductivity of the filtered cake
(Kav). The same glass tube is filled with 50% dewatered sludge and milk is
added on top of the cake and pressure is applied. In this case because it takes
significantly long time that the milk travel all through the cake and comes
out, the movement of the milk has been tracked and the time of the

movement of milk for short distance is measured as dt (Fig.5.3.b).
The kay can be calculated as follow

_ dL?

k.. =<2
av - dtp

(13)

In this case the mild moved in to cake very slowly and within one and half

hour it just move 1 cm:
k,, = (0.01m)?/(5400s)(31m) = 5.9E — 10 m/s

Same experiments can be performed for other sludge and other different

pressures.
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3.2.3. Head loss through filtering medium

The head loss should be proportional to (1/2g) U?, which has the same
dimensions, because it follows the expression of the kinetic energy per unit
volume (Streeter and Wylie 1909). The head loss due to the filtering medium
can be quantified by a dimensionless coefficient known as the filter loss

factor (f):

AEpieer = f 2 14
filter_fg ( )

The filter loss factor f is constant and depends on the filter parameters
such as the shape, opening size and materials and changes with time.

The flow velocity through the filter medium, U is obtained by dividing
of the flow discharge Q by the total area A* of the filter opening through
which the flow occurs. As shown in Fig 3.7, A* is a percentage of the total

filter medium area As :

AT = ad, (15)

U=Q/A" =Q/ay (16)

where a is the filter opening ratio and changes with time during cake

filtration process due to clogging.
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L A = Cylinder

A, = Filter area

A*=Total filter open area

A* = oA,

Figure 3.7 Schematic diagram of filter medium opening area

3.2.4. Basic equations

By considering the two head losses expressed by Egs. (5) and (8), Eq.

(3) can be rewritten as

UZ
—+h % to f— (17)

Substituting U from Eqg. (16) into Eq. (17) yields

e o (o= oo

2ga2A%

However, the flow discharge Q is equal to the product of the variations of the

sludge height with respect to the dewatering time and the cake cross-

. dh
sectional area (Q = —A E)' Hence,
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) ) - £ - (e ) =0 <18>

Eq. (18) consists of three parts: (i) the filter resistance, (ii) the sludge
resistance, and (iii) the pressure driving force of filtration at a drop rate of
the dh/dt. Eq. (18) is valid for all the cake filtration dewatering systems.
However, this equation consist filter loss coefficient f and the opening ratio a

which are hard to measure directly and changes with time.
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3.3. Filter Number

3.3.1. Definition of filter number

A new concept of the filter number (FN) was used to incorporate the
filter resistance into the cake filtration model. The FN is a dimensionless
quantity defined as the ratio of the pressure head to the velocity head through

the filter medium:

Pressure Head P
FN = e = L/ (19)
Inertial Head Q2/2gA2

By writing the Bernoulli equation for before and after the filtering medium
using the filter loss factor f and the opening ratio a, we have

2 2
[§+U—+z =E+Z 42

] + AE ilter (20)
29 before filter Y 29 After filter f

The fluid velocity head before filter medium and filter medium height is

negligible. The pressure head after filter medium is zero. Substituting U =

Qe

A - -
Py (%) and AEyyce, from Egs. (13) into (20) yields

FN =ﬂ(A>2 (21)

a? Af

For a clean filter it is a specific number FNg and it can be measure by

simple experiments from Eqg. (19). This FNq is based on water as liquid
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however in some filtration presses the liquid is not water e.g winery or dairy

etc. In that case FNo can be modified by using a correction factor as follow:

P/Yw
FNo = 527022
Q*/294?
b T = pyy = PLpp, (22)
— P/yL FNoL Yw Pw
FNy, =

Q2/2gA?

For example the FNq_ for filter type | and correction factor for different

liquid are shown in table 3.1

Table 3.1 FNq. for filter type | and correction factor for different liquids

Liquid Density (kg/m°) pw/pr | FNoLx10°
Water 997 1 4.6

Wine 1135 0.87 4

Milk 930 11 5.1
Honey 1510 0.65 2.76

During filtration presses FN changes with time. During the filtration
phase, the solid particles accumulate on the surface and between the pores of
the filtering medium, and the permeability of the filtering medium is
dramatically reduced by reduction of a. The filter number (FN) is therefore a

time-variable parameter in the filtration phase. However, after the cake
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formation and clogging (ts) the filtering medium becomes stable and is
characterized by a new filter number, FN; which can be considered as being
constant during the expression stage. Fig 3.8 shows the variation of FN

between the filtration and expression phases.

! |
I Filtration Phase | Expression Phase
FN; ! 1
1
(9]
- o 1 FN ()= FNg+mt? E: FN(t)
Z e 1 | 5
LL C / @
N s 1 / I's
3 z | / I
£ 21 I's _
e o 1 = Consolidation
- 2 1 IS Stage
S T 1 e s
w 1 /7 Cake : g
- =]
EN | resistance | 3
0 \ 12
' p=}

Filtration Time (t)

(%]

Figure 3.8 Curve of filter number (FN) versus time

The FN function FN (t) is fitted to a logistic cure:

FNf

1+(ﬂ—1)e-mf
FNg

FN(t) = (22)

For simplification FN (t) function can be assumed to be a second order

exponential function during filtration phases:

FNy + mt?, t < tg
FN(t) = hjhg (22)
FNf )t 2=t
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where m is total filter resistance coefficient which can be determined
experimentally. The FN (t) function can be calculated form Eqg. (19) which
is the rate of the pressure head to the inertial head and the empirical
parameter FNo, FN; and m can be determined by simple experiments

described in next section.

3.3.2. Sample calculation of FN number

In order to get FN (t) and experimental parameters (Initial filter
number FNo, final filter number FN; and clogging factor m) for a specific

cake filtration system, two simple experiments are needed as in Figure 3.9.

Pressure gauge
Compresso gsaug

: D

& 40
water o = T cm

. . 10 cm
Filter medium
\ HHHHHHHHHHHHHHEHHHHHH l¢
v i v
A A
Filtration A=706cm?
Volume

Figure 3.9 Schematic diagram of experimental set up for FN experiments

Clean Filter (FNp): The first experiment is to find FNo, which shows the
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characteristics of a clean filter. The cylinder (D= 30cm, H=40 cm) is filled
with clean water for 10 cm depth and pressure (3 bar) is applied. The filtrate
volume is measured for a certain time (60 sec) at each time interval. It shows
a linear relationship, because there is no change of opening of the filter due

to clogging (Fig. 3.10).

Filtration Volume V(lit)

0 20 40 60
Filtration time, t (sec)

Figure 3.10 Filtration experiment results with water to measure FNg

FNjy can be calculated form Eq. (19) which is related to the head loss through

the filter.
Q= Vi FNy, = 2gA=(P/y)(At/AV) (23)

981cm

In this experiment, FN, = 2 (*5™) (706 m?)2(3100 cm)(59 5/5000 cm?)? = 4.2E8
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for other pressure such as 1 bar or 5 bar, the result is same. For a filter with

small opening, FNg become low because of head loss through the filter, and a
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filter with large opening, FNo becomes higher.

Cake Filtration, FN (t): The second experiment is for the system of
filter and the cake. The same cylinder is filled with sludge for 10 cm depth
and pressure is applied. And the volume of filtrate is measured with time.

From this experiment, dV /dt is calculated at each time. (Fig. 3.11)

4
35

£ 3 :
> 25 E
£
3 2 g
g h
S
8 1 %
% 05 g

0 . . . :

0 20000 40000 60000 80000

Filtration time, t (sec)

Figure 3.11 Filtration experiment results with cake to measure FN(t)

The shifting time t; which separate the filtration and expression, is defined as
the time which dV/dt becomes constant. In this case t;=38000 sec. At

certain t, FN (t) can be calculated through the equation:
FN(t) = 2gA%?Pa(dt?)/y(dV)? (24)

For example, in the case of time t=2000, dV/ /dt is obtained as 2E-7 m?/s:
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FN(t = 2000) = 2(9.81 m/s2)(0.07 m?)?(31m)/(2E — 7 m3/s)? = 1.45E14

FN(t) can be calculated similarly at other time and Figure 3.12 can be drawn.

|
3.5E+16 | ! FN (t)= 2.9E16
: p—————g————— o-—-9¢
3.0E+16 | Ne © o
= . N
L 256416 ad
by - FN(t)= |
€ 20E+16 | 42ET+1L5ETE f I
2 i / : _
& 1.5E+16 o ! @ Experiments results
o i I
1.0E+16 }f '
i @ |
5.0E+15 + (3 |
i ¢ |
i &
42F+08 Co@=& . o
0 10000 20000 30000 40000 50000 60000 70000 80000
Time (s)

Figure 3.12 Results of calculated FN (t) from filtration experiment

FN(t) curve can be fitted to a second order exponential function can be
modeled by three parameter such as FNg, FN¢ and m. In this case, FNy=4.2ES8,

FN;=3.2E16 and m=1.5E7 with R? number= 0.99:
FN(t) = 4.2E8 + 1.5E7t? (25)

When we change the experimental conditions such as set up scale, initial
sludge height, the result should be the same so the standard experimental

condition is set up as in this experiment.
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3.4. Governing Equations

3.4.1. Filtration phase

In the filtration phase, the relationship between the filter number and
time can be assumed as logistic function Eq.(22). Substituting Egs. (21) and

(22) into Eq. (18) yields
[P G - 2@ -G n)=0 29)

The simple finite-difference (forward) method can be used to numerically

solve Eq. (21) as follows:

s =+ 520 (1 - [ 42 ) “

where, h;,; and h; are the cake lengths at times i and i+1, respectively. The
model starts from (t = 0, h = hp) and runs until h; ;= L. Immediately after
h;;; reaches L, then expression phase begins. Provided that At is
appropriately selected, Eq. (27) would predict the cake filtration rate within

an acceptable error.
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3.4.2. Expression phase

In the expression phase, the filter number is assumed to be constant

and equal to FN¢ (Fig.3.7), and the pressure force is assumed to be§+ L.

Consequently, the following can be derived from Eq. (18):

@ - @) -Gr)= (28

Where k,,, is the average cake permeability in the expression stage. Because
all the parameters are time independent, Eg. (28) is a simple quadratic

equation, and therefore

w (e @) G/ @

Because the sludge height drops during the filtration process (dh/dt < 0),

the + is not possible physically. The integral form of Eq. (29) becomes

h

L e +2FNgK P+ ts ﬁ dt (30)
Assuming D = %(R + L) and simplifying, Eq. (30) becomes:

h  dh
fL h-vhZ+D FNKft dt (31)
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The integral can be solved analytically and yielding:
h
|-2in(h+vhZ+D) - ~vhZ+D - o) = m ks

Substituting the boundary values into the integral yields:

L+\/L2+D>] _ 2K(§+ L)

%[(L2 —h?) + (LVI? + D —-hvh?+D) + DIn <h+\/h2+D r— (t—t)

Rearranging the parameters in Eq. (34) yields

=f(h)

t=ts+ WZL) [(L2 —h?) + (LVI2+D—-hvh?+D) + DIn (“VLZ*D)]

h+vhZ+D

(32)

(33)

Because the function f is an injective function (for:h, t > 0) the sludge height

can be calculated as follows:

h=77(0
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3.5. Model sensitivity

3.5.1. Filtration Test

3.5.1.1. Wastewater sludge

The activated sludge which was sampled by Curves et al (2007) at the
Ossemeersen Wastewater Treatment Plant in Ghent, Belgium is used as and
standard case in our research. Samples of thickened sludge were taken from

the sludge buffer. The sludge was stored at 4 °C, and was used within 48 h
after sampling. The dry matter content, calculated after 24 h drying at 105 °C,

amounted to 3.47%. Before performing the dewatering tests, the sludge was
conditioned by means of a polyelectrolyte, Zetag 7878 FS40, supplied by
Ciba Specialty Chemicals, Belgium. Agueous polyelectrolyte solutions were
prepared at a 2 g/L active polyelectrolyte concentration, at least 24 h prior to
application. For the conditioning, a Stuart Scientific Jar Test device was used.
It was operated at 270 rpm during the first minute for intense mixing of the
polyelectrolyte into the sludge. Then, 10 min of slow stirring at 35 rpm was
to promote floc growth. Half a kg of sludge was mixed with 65mL of
polyelectrolyte solution, resulting in a total of 7.5 g of polyelectrolyte per kg

of sludge dry matter. The total sample was then used for the dewatering tests.
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3.5.1.2. Experimental set-up and procedure

Dewatering tests were performed by Curvers et al. in a laboratory scale,
piston driven, cylindrical filter press with 0.07m diameter (Fig. 3.13). A
thorough description of the press can be found in Saveyn et al. (2005b). The
press was connected to a personal computer to control the experiment and to
record the filtration data (time, filtration pressure, filtrate mass, piston height)
as well as other useful data such as the temperature in the cake. During the
total dewatering experiment, the filtration pressure was kept constant at 400
kPa. For every dewatering run, a new piece of Nordifa Lainyl MC4/S5/6

polypropylene filter cloth was used. Each dewatering test was started by

applying 400 kPa over the filtration cell.

l’P

Piston

A

P

e
4

Filter medium

-
Figure 3.13 Schematic diagram of the filtration equipment used by Curvers

et al (2007) together with a more detail presentation of filtration process
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3.5.1.3. Initial and experimental parameters

The distance between the piston and the filter medium h as a function

of the time t during filtration test was recorded by curves and et. (2007) and

is shown in figure 3.12. The initial distance in the experiments hy was 0.145

m. The empirical parameters o, N and Pa were fitted using the experimental

data of the first 1800 s of the filtration test. Fitting was done by searching the

smallest sum of squared errors using the Nelder—Mead optimization method

(Walters et al., 1991). Table 3.2 shows the initial experimental parameter

values obtained from Curvers et al. 2007.

Table 3.2 Initial experimental parameter values obtained from Curvers et al.

Parameter Symbol Value Unit
Initial cake height ho 0.145 m
Filtration pressure P 400 kPa
Cylindrical area (diameter) A (D) 0.0038 (0.07) m? (m)
Cake initial resistance o 1.0623x10™ m?
Cake height (sludge height at time t;) L 0.031 m

Curvers et al. used cake specific resistance a instead of hydraulic

conductivity k. However, the fitted initial hydraulic conductivity of the

sludge ko can be easily calculated using

ko = y/uay = 9806(Pa.m™1)/(1073(Pa.s)1.0621 x 101 (m~2)
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ko =9.23 x 1075 (ms™1).

The average hydraulic conductivity of the cake during the expression
phase k,,, can also be calculated using Eq. (7). The empirical constants P,
and n were obtained by the fitting data as 6.4494 x 10° (Pa) and 5.2242,
respectively. Using the average solid stress P, of 200 kPa, the average
hydraulic conductivity k,, of the cake was obtained as 2 x 10°. The
empirical parameters FNo, FN;, and m were calculated from the experiments
results as 7 x 10°, 1.28 x 10™, and 0.04, respectively. Table 3.3 gives the
parameter values obtained from the experimental results and used for the
model (During the first minute of the experiments the filter was considered

to be clean with filter number FNp).

Table 3.3 Empirical parameter values determined from Curvers et al. 2007

Parameter symbol | Value Unit

Initial hydraulic conductivity ko 9.23x10° | ms™

Average hydraulic conductivity of cake kg, 2.02x10% | ms?

Filter number of clean filter FNo 7.09 x 10° dimensionless
Filter number during expression phase FN¢ 1.28 x 10™ dimensionless
Shift time from filtration to expression ts 1800 S

Clogging coefficient in filtration phase m 0.04 dimensionless
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The sludge height h changes by time t experimentally determined by
Curvers et al. for both the filtration and expression phases as well as the
model prediction (Egs. 16 and 24) are shown in Fig. 3. 14. As can be
observed, the sludge heights predicted by the model for the filtration and
expression phases are in good agreement with the experimental data. The
average hydraulic conductivity of the cake during the expression phase Ef
was used for the calculations, and this produced errors after a long time. The
present results indicate that previous complex cake filtration theories based
on the principles mentioned in Section 1, could be simplified using the

proposed FN.

® .
0.140 | :
L[]
L[]
H
0.120 : Model implement
]
L]
£ 0.100 | E @® Experiments result from
= : Curvers et al. 2007
= .
& 0.080 | H
] :
= .
] .
20 0.060 - :
> L]
[ .
0.040 :
L[]
0.020 |
0.000
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Figure 3.14 Comparison of the sludge height experimentally determined by

Curves et al 2007 (dots) with that predicted by the proposed model (full line)
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3.5.2. Effect of governing parameters

The applied pressure P, sludge hydraulic conductivity k, and filter

number FN are the three governing parameters of cake filtration modeling. In

this section, the model sensitivity to the three parameters is investigated. The

experimental data obtained by Curvers et al. was considered as the standard

case. Table 3.4 gives the standard case values and governing parameters

range used for the model sensitivity analysis.

Table 3.4 the standard case values and governing parameters ranges

Pressure | Hydraulic conductivity Filter Number
Fig. | Model sensitivity

(kPa) Filtration Expression Filtration* | Expression
4.2 | Standard Case 400 9.23E-5 2.02E-8 0.04 1.28E14
4.3 | pressure head 100-700 | 9.23E-5 2.02E-8 0.04 1.28E14
a4 | hydraulic 400 1E-2-1E-7 | 1E-8-5E-8 | 0.04 1.28E14

conductivity

4.5 | filtering medium | 400 9.23E-5 2.02E-8 0.01-0.05 | 5E13-5E14

* Clogging coefficient m is the governing parameter during filtration phase instead of FNg

55




3.5.2.1. Effect of pressure head

The effects of the pressure head during the filtration and expression
phases are clearly shown in Figs 3.15.a and b. Generally, a pressure rise
directly results in an increase in the dewatering rate. However the effect of
the pressure during the filtration phase is greater than during the expression
phase. As mentioned earlier, the total pressure P is distributed between the
liquid pressure P_and the solid stress Ps (Fig 3.3). During the filtration phase,
the solid stress is zero and the total pressure acts on the liquid phase. Hence
any change in the pressure directly affects the liquid filtration. However, in
the expression phase, the total pressure is distributed between the solid and
liquid phases, which means that even a significant change in the pressure
may be absorbed by the solid phase (the solid velocity is considered to be

zero in the model).

The behavior of highly compactable sludge is a bit different. The
permeability k varies with the pressure head, resulting significant variation
when the pressure head is increased. This behavior is not discussed here
because the value of the empirical constants P, and n in different pressures
were not available and power-law relationships (Eg. (7)) could not be used to
predict the effect of the pressure on cake hydraulic conductivity during the

expression phase.
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Figure 3.15 Effects of the pressure head on the sludge height a. during the

filtration phase and b. during the expression phase

3.5.2.2. Effect of hydraulic conductivity of sludge

It is clear from Fig 3.16 that the hydraulic conductivity of the filter cake
significantly affects the expression phase but slightly affects the filtration
phase. However when the hydraulic conductivity is extremely small (e.g.
clay) it becomes the dominant factor even during filtration phase. The
filtration time required to produce a cake height of 0.05 m in the filtration
phase and 0.03 m in the expression phase increased from 300 s to 320 s and
from 1900 s to 3500 s when the hydraulic conductivity of the sludge was
increased from 1E-4 m/s to 1E-6 m/s in filtration phase and 1E-8 to 5E-8 in

expression phase from while values of the other parameters were maintained.
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Sludge hight - h (m)

During the filtration phase, water simply passed through the sludge particles,

but in the expression phase, the flow rate decreased with decreasing

hydraulic conductivity, which indicates a negative effect of the cumulative

cake particles on the overall permeability of the sludge.

The empirical parameters of the power-law relationships for compressible

cakes that account for the effective stress Ps (Eq. (7)) also depend on the

material properties of the sludge, which indicates that filtration rate is more

sensitive to the cake hydraulic conductivity during expression phase K.
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Figure 3.16 Effects of hydraulic conductivity of the filter cake on the

sludge height (a) during the filtration phase and (b) during the expression

phase
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3.5.2.3. Effect of filter number

Fig. 3.17 shows the variation of the cake height and filtration time with the
filter number during the filtration and expression phases. Initial filter number
FNohas minor effect on filtration however clogging coefficient m is the
governing parameter during filtration phase. It is obvious that the filtering
medium significantly affects the dewatering during both the filtration and
expression phases. Over all, an increase in the filter number (which means
smaller filter) reduces the dewatering. However, during the filtration phase,
particles accumulate in the pores of the filtering medium, resulting in
clogging. This indicates that the filtering medium plays primary role during
the filtration phase. During the expression phase, the filtering medium
stabilizes and the filter type is more important. During the expression phase,

the filtering medium attains a new and stable condition.
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Figure 3.17 Effects of filter number FN on the sludge height (a) during
the filtration phase and (b) during the expression phase
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3.6. Discussion

The proposed model of a one dimensional one sided filtration process
was implement with experimental data on activated sludge filtration reported
by Curvers et al (2007) for both the filtration and expression phases. The

model assumptions and behavior in the two phases are discussed here.

Filtration Phase: the model assumptions and indications regarding the

filtration phase are as follows:

i. The thickness and permeability of the sedimentation cake are assumed
to be constant. The model sensitivity analysis revealed that the cake
hydraulic conductivity k and thickness L are not a dominant as same as
the pressure during the filtration phase.

ii.  The relationship between the filter number and the dewatering time can
be simplified a second order exponential function. The empirical
parameter m in EQ. 22 was fitted using experimental data on the
filtration phase.

iii.  The energy losses due to the share stress force on the cylinder wall can
be neglected because of the low flow velocity of the filtration cake.

The migration and capture of the solid particles in the porous media

significantly affects the filter number and the correspondingly filtration rate

during the filtration phase. The sustainable method for enhancing the cake
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filtration during the filtration phase is to decrease m; e.g. by using electro
kinetic filtration instead of adding chemicals or increasing pressure, which

are relative expensive and energy intensive.

Expression Phase: The model assumptions and indications regarding the

expression are as follows:

i. The filter number FN is assumed to be constant during the expression
phase. The particle accumulation and cake formation on top of the
filtering medium stabilize in the expression phase.

ii. The average hydraulic conductivity of the cakek, is considered as
constant irrespective of the time effect. However, the permeability of the
filtration cake is dependent on the porosity of the cake during the
expression phase. Moreover, the assumption of the permeability of the
cake being constant within an average range does not weaken the

applicability of the model as confirmed by the verification.

Based on the analysis of the sensitivity of the model to the governing
parameters, the hydraulic conductivity of the filtration cake is the dominant
factor during the expression phase. The model predictions suggest the use of
chemical or electro-osmosis enhancement during the expression phase, as

did the experimental of Curvers et al. (2007).
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3.7. Conclusion

A new cake filtration model was proposed for predicting the cake filtration.
The model considers the energy losses made by both cake and filter
resistances. The formulation of the governing equation of the model entailed
the Bernoulli principle, Darcy’s law and the continuity condition, resulting in
a differential equation. To evaluate particle migration and capture in the
porous media and the effect of the filter resistance, a new dimensionless
filter number FN was introduced which can represents the filter properties
(e.g. the opening size and shape) during cake filtration cake filtration process.
The equation was numerically solved for the filtration phase, and analytically
solved for the expression phase. Compared to previously developed models

the models, the proposed model is simple and more accurate.

The effects of the governing parameters on the model predictions were also
analyzed. The following is a summary of the findings of the evaluation of the

model and its sensitivity analysis:

1. Compared to previously developed models the models, the proposed
model is simple and more accurate

2. The effect of the cake hydraulic conductivity was found to be negligible
during in the filtration phase. Moreover, the filtration cake and the
particles that accumulate front of the filtering medium significantly
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reduce the filtration flux.

3. Because the cake permeability is the dominant factor during expression,
it is highly recommended that sludge treatment should only be applied
during the expression phase to save money and energy.

Further research is necessary to use empirical coefficient to consider the

effect of chemical enhancement and electro-dewatering on the model.
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CHAPTER 4:

Model Verification

4.1. Introduction

A complete mathematical model should be able to apply in any real
cases. Verification and validation is an iterative process that takes place
throughout the development of a model. It is necessary to evaluate the
validity of a mathematical model with actual experimental results to verify
the model prediction. The objective of model verification is to ensure that the
implementation of the model is correct. Wastewater sludge from Gwachon
wastewater plant was used for model verification. By comparing the data
from filtration experiment with the data which model predicts, it is possible
to verify the model and analyze the error of it.

In this chapter, the wastewater sludge filtration test has been done
under two pressures (300 and 500 kPa) and two types of filters (Filter Type I
and I1). Experimental parameters such as filter number for clean filter (FNo),
initial hydraulic conductivity (ko) and average hydraulic conductivity (Kay) of
the cake were determined by operating pre-experiments and FN¢, m and ts

obtained with cake filtration test as described in chapter 3. These parameters
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have been used in the new model, to predict the sludge height (h) as a
function of time.

The results from filtration experiments has been compared with the
model predicted data in order to verify the prediction of the model and based
on this, the error of the model was calculated by using regression analysis

and MRE method.

4.2. Laboratory Experiment

4.2.1. Materials and Preparation

4.2.1.1. Wastewater Sludge

Samples of wastewater sludge were collected from Gwacheon urban
sewage treatment plant in Seoul, Republic of Korea (Figure 4.1). In this
wastewater plant, sludge is produced from the treatment of wastewater in on-
site (septic tank) and off-site (activated sludge) systems. This is inherently so
because a primary aim of wastewater treatment is removing solids from the
wastewater. In addition, soluble organic substances are converted to bacterial

cells, and the latter is removed from the wastewater.
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Figure 4.1 Location of Gwacheon Water Treatment Plant

The initial water content of the wastewater sludge is 98.5% with

pH=6.8and density=1200 kg/m® with zeta potential equal to -10.90mV.The

collected sludge was immediately transferred to lab and in order to inactive

the active organic and make the sludge condition stable, 0.1g/L Sodium

Azide (NaN3) with concentration of 0.035%w/v is added to sludge for 24hr.

The sample was stored in refrigerator at 4 C and allowed to warm to room

temperature when required to minimize sludge biological activity.
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4.2.1.2. Filters

Fiberglass filter media is widely used in sludge pressure dewatering as

it offers high efficiency and high dirt holding capacity. These filters are

made from fiberglass mesh. Fiberglass mesh is a neatly woven, crisscross

pattern of fiberglass thread that is used to create new products such as tape

and filters. When it is used as a filter, it is not uncommon for the

manufacturer to spray a PVC coating to make it stronger and last longer. The

most common place to find fiberglass mesh is in tape products.

For the laboratory filtration experiments, two common use fiberglass

filters were used to evaluate the model assessment for different filter with

different filter number. Their characteristics were given in table 4.1.

Table 4.1 Characteristics of filters used in this study

Filter medium

Materials

Opening size (AOS)

Microscopic Scope

(mm)
Filter type | | Fiberglass | 0.05
Filter type Il | Fiber glass Il 0.07
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4.2.1.3. Experimental set-up

Figure 4.2 illustrates a schematic drawing of batch experimental set up
which is similar to that developed by and Tarlton (Tarlton1998a,b). An
unstirred cylindrical mould (30 cm diameter and 40 cm height) was utilized.
The filter is supported by a perforated panel which makes an effective filter
area as 433 cm®. Sludge in the filtration chamber is dewatered through filter
placed in the bottom of the filtration chamber. Connection between the
cylinder and filter is with the help of two O-ring seal. A plexiglass window
was improvised on the filtration chamber to measure the height of sludge (h)
with time. The pressure has been applied by compressed air compressor. The
two-in-one P425/HP375-T4i dual pressure portable air compressor has been
used which delivers airflow ranging from 0.18 to 0.20 cfm and pressures

ranging from 100 to 1100 kPa.

Pressure

Plexiglass Personal computer

Valum \ -
A=
)

Figure 4.2 (a) Schematic diagram and (b) Photo of experimental set up
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4.2.2. Filtration Experiment Condition and Procedure

Filtration experiments were carried out by adjusting the applied
filtration pressure automatically by the compressor as it is shown in figure
4.2, and kept constant during test. The height of sludge and cake (h) with
time (t) was measured through Plexiglas window by video camera up to
h=4cm. Data derived from filtration experiments can be used for model

assessment. All the experiments were done in room temperature.

Four cake filtration tests were done with the two filter type, as
described in table 4.1, at two pressures 300 and 500 KPa. Table 4.2 is

presenting a summary of these experiments.

Table 4.2 Overview of Cake Filtration Experiments

Case Number Filter Type Pressure (KPa)
1 Filter Type | 300
2 Filter Type | 500
3 Filter Type Il 300
4 Filter Type Il 500
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4.2.3. Experiment Results

The results of cake filtration experiments for four cases as described in
table 4.2 is presented in figure 4.3 which is showing the gradients of sludge
height versus time. Each dot in the graph is showing the sludge height at

time t.

0.11

o
s

FT1-300kPa 0.09 L FT2-500kPa

0.08

007 e

0.06 - °

) 0.05 o

0.04
0 50000 100000 150000 0 20000 40000 60000 80000 100000

Time(s) Time(s)

°
Sludge hight-h (m) o
°

0.11

FT2-300kPa = 0.09 FT2-500kPa
+= 0.08
2
. <007 | =
(=]
- S 0.06 .
- 0.05 .

0.04
0 20000 40000 60000 80000 100000 0 20000 40000 60000 80000

Time(s) Time(s)

Figure 4.3. Graph of cake filtration experiment results in four described

cases
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4.3. Model Prediction

4.3.1. Pre-Experiments

4.3.1.1.  Filter number for clean filter (FNo)

The first experiment is to find FNo, which shows the characteristics of
clean filter. The cylinder is filled with clean water for 20 cm depth and 300
kPa pressure applied. In this experiment, to calculate FNp, a set of
experiment has been applied with two different kinds of filters as mentioned
in table 4.1.The filtrate volume is measured for a certain time (60 sec) at
each time interval. It shows a linear relationship, because there is no change
of opening of the filter due to clogging. Results of experiments with water

and filter show that this number is always constant for a clean filter.

As an example, filter number of clean filter type I, due to the condition

(P = 300 KPa and Time Interval = 60 seconds), is calculated as:

2

At
FN, = 2gA?P (—) =2 (981 Cm/sz) (706m?)?(3100cm) (

=42E+8
AV

59s
50000m3)
Same experiment and method was done to find the FNg for filter type II.

Results of filter number expression for clean filters have been

presented in table 4.3 and figure 4.4 is showing the graph of radian of
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volume of water which is discharging from the cylinder versus time for filter
type | and Il and also the dimensionless graph of P/y versus Q%2gA? which
the slope is defined as FNo, which is related to the head loss through the filter.
Results show a linear relationship, because there is no change of opening of

the filter due to clogging.

Table 4.3 Results of Filter Number Calculation for Clean Filters

Filter AV (lit) At (5) Q (lit/s) FNg
Filter Type | 5 26 0.19 4.6E+8
Filter Type I1 5 63 0.079 7.9E+7
a 6 b 70 >

a
5 ] ® .
g u )
S’ 4 - u ) -
%) u [ S
g 3 - = ) ;
= g
5 . ® FNO (Fiulter type 1)
B 11a o = FNO (Tilter type 2) e Filter Type |
E 0 e
0 20 40 60 80 0  2E-07 4E-07 6E-07 8E-07 1E-06

Filtration time, t (sec)

Q42gA% (M)

Figure 4.4. Graph of filtration volume versus time under 300 KPa pressure and

clean filter for (a) Filter Type I and II and (b) dimensionless graph of P/y versus

Q?/2gAz2 for Filter Type I and Il
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The scope of line in graph 4.4 a, is the amount of discharge and the
scope of graph 4.4 b, is the filter number of the clean filter. The liner form of
these graphs show that it is always a constant number. Form this concept, it
is shown the Filter Number (FNo) of clean filter is a constant number which
means that FN is a very good indicator for showing the properties of filter in
pressure dewatering. Also For the filter with small opening, FNo become
high because of head loss through the filter, and a filter with large opening,

FNo becomes lower.

4.3.1.2. Hydraulic Conductivity of Cake

One of the basic parameters of cake is hydraulic conductivity which
also can be known as the cake resistance against the water fellow. The
particles of sludge are significantly small and also due to the specific
characteristics of sludge, like awful smell, the common use methods of
hydraulic conductivity measurement, such as falling-head method, are hard
to be operated. Therefore, a specific method for calculating the hydraulic

conductivity has been designed and executed.

In this case, in a 50 ml glass tube with pressure application property, 20
ml of sludge has been put into the tube and 20 ml diluted milk has been
added to the top of the sludge. Because of the black color of sludge, the milk

was used so that it is easier to track its movement. In this case, to make the
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viscosity of the milk closer to water, it was diluted with 7 times volume of
water. Different pressures have been applied to the system and the movement
of the milk has been tracked and the time of the movement of milk when it

comes out from out of the tube has been recorded (Figure 3.5).

Hydraulic conductivity of cake filtration has been calculated for two
different kinds of sludge: One for the sediment sludge before filtration (ko)
and also for the compacted cake sludge after filtration process (Kay). As in it
took a long time for the milk to get out of the sludge, the movement of milk

has been tracked for a shorter distance (10 cm).

As an example, in the system condition with sediment sludge under
300KPa pressure and the sludge column of 10 cm, experiment shows that it
takes 380 seconds that the diluted milk crosses trough the sludge column.

. L2 (0.1m)?
7 Pt (31m)(380s)

=85x1077M/,

The same experiment was done with the compact cake sludge. And hydraulic
conductivity has been measured for sediment sludge and compacted cake.
The hydraulic conductivity for sediment sludge and compacted cake will be

shown as ko and k,, respectfully and the arithmetic mean of these two

amounts is mentioned as the hydraulic conductivity of the sludge (Kay).
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4.3.2. Filter Number Function, FN(t)

To determine filter number function FN(t), two filtration experiments
with wastewater sludge have been performed with different pressures.
Experiments were with using filter type | and 1l with pressure 300 and 500

kPa.

Experiment is done for the system of filter and the cake. The same
cylinder is filled with sludge for 10 cm depth and 300 kPa pressure applied.
And the volume of filtrate is measured with time for 80,000 sec. From this
experiment, dV/dt is calculated at each time and the curve of filtration
volume versus time can be plotted (Figure 4.6a). In case, filter number as a
function of time can be calculated from equation 19 in chapter 3. Based on
this, the (m) and (FNf) can be obtained by curve fitting based on the

experiment results.
As the results of this experiments, FN(t) can be calculated as:
FN(t) = 2gA?Pa(dt?)/y(dV)?
For example, in the case of time t=20,000s, dV /dt is obtained as 0.02 cm®/s:

FN(t = 20,000) = 2(981 cm/s2)(706 cm?)2(5950 cm)/(0.02 cm®/s)’ = 1.45E + 16
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In this case, by curve fitting, FN; and m can be obtained as 3.2E+16 and
0.0013 respectfully with curve fitting method. Figure 4.5b is presenting the
FN(t) curve for this experiment. Same experiment can be done for other type of

filter and also other amount of pressure.

4 T

3.5E+16

= 3 Z 3.0E+16 |

> 5 2.5E+16

5 o

E 2 4 £ 2.0E+16

= =]

S Z 15E+16 |

c 8

g 1 = 1.0E+16

= L

= 5.0E+15

“ 0 4.2E+08 . . :

Filtration time, t (sec) Time (s)

Figure 4.5 (a) v-t curve (b) FN(t) curve for cake filtration process

4.3.3. Results of Model Prediction

By running the model based on data which derived from pre-experiments, it
is possible to predict the sludge height versus time graph for a filtration
process. Table 4.4 is presenting the summary of data which is derived from
pre-experiments for all 4 cases. Same method is also done for other three

cases for the purpose of verification.
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Table 4.4 Summary of Pre-Experiment Results

Case FN, Ko(m/s) | Ka(m/s) m ts(S) FN;
1 4.2E8 2.3E-6 5.1E-10 | 4.2E+7 24000 | 2.4E+16
2 4.2E8 1.2E-6 3.7E-10 | 6.5E+7 21000 3.1E+16
3 7.9E7 2.3E-6 5.1E-10 | 2.8E+7 22500 1.4E+16
4 7.9E7 1.2E-6 3.7E-10 6.E+8 18500 | 2.2E+16

To find the best At and Ah for the numerical solution of the Eq. (27) in
filtration phases, error sensitivity analyses is done and the results for case 1

is shown in Figure 4.6.

30 80
55 ) 70 //
= 2 / £ 60 7
= / 3 50
£ 15 / £ 40 /
S / < /
s 10 / 5 30 /
0 10 ~_
10 100 1000 10000 0
0.0001 0.001 0.01
At (s) Ah (m)

Figure 4.6 Results of sensitivity analysis of model error to (a) At (b) Ah

Based on the sensitivity analyses the best At and Ah are selected as 50s and

0.006 m respectively.
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4.4, Comparing Experimental and Modeling Results

4.4.1. Model Verification

Once the condition of filtration process such as pressure, initial height
(ho) and viscosity of sludge is known and also the empirical parameters such
as filter number for clean filter (FNp), function of filter number (FN(t)) and
hydraulic conductivity (K) can be obtained easily from simple pre-
experiments, it is possible to predict the filtration process as changes of

height versus time (h(t)), without doing any further experiments.

The model calculation and experimental results for four experiments
has been presented in figures 4.7 and 4.8. As an example for filter type I, in
300 KPa pressure condition, predicts that it takes 64000 seconds for
achieving 40% of the filtration process. However in under 600KPa, this time
is reducing up to 46000 seconds. This means that reducing the pressure for 6
times can reduce the filtration time for 20000s.In this case, not only the
mode can predict the time for achieving a certain percentage of filtration

process, but also it can show the effect of pressure on the time reduction.
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Figure 4.7 Experimental results and model calculation, with filter type I at
300 and 500 KPa pressure
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Figure 4.8 Experimental results and model calculation, with filter type 1l at
300 and 500 KPa pressure
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4.4.2. Error Analysis

44.2.1. Regression Analysis

Regression analysis is a statistical process for estimating the
relationships among variables. It includes many techniques for modeling and
analyzing several variables, when the focus is on the relationship between a
dependent variable and one or more independent variables. More specifically,
regression analysis helps one understand how the typical value of the
dependent variable changes when any one of the independent variables is
varied, while the other independent variables are held fixed. Most commonly,
regression analysis estimates the conditional expectation of the dependent
variable given the independent variables — that is, the average value of the
dependent variable when the independent variables are fixed. Less
commonly, the focus is on a quintile, or other location parameter of the
conditional distribution of the dependent variable given the independent
variables. In all cases, the estimation target is a function of the independent
variables called the regression function. In regression analysis, it is also of
interest to characterize the variation of the dependent variable around the

regression function which can be described by a probability distribution.
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For purpose of model verification, the regression analysis was done for

data derived from experiment and also data which was predicted by the

model. Figure 4.9 is showing the result of this analysis.
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Figure 4.9 Graphs comparing the predicted values and experimental results of filtration

time: (a) and (b) Filtration and Expression phases of filter type I at 500 kPa, (c) and (d)

Filtration and Expression phases of filter type 1l at 500 kPa
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4.4.2.2. Mean Relative Error

The mean relative error (MRE) is a quantity used to measure how close
forecasts or predictions are to the eventual outcomes. MRE is a common
measure of forecast error in time series analysis. MRE value can be

calculated for each filtration test as equation 1.

|obseved time (i)—Predicted time(i)|

MRE = -¥7., (1)

Obseved time (;
The amount of MRE for all described four cases is presented in Table

4.5. This analysis clearly shows that the model can predict filtration process

reasonably well.

Table 4.5 Values of MRE for data of four filtration process cases

mean relative error (MRE) %
Model
P=300kPa P=500kPa
Filter type 1 21% 31%
Filter type 2 28% 29%

45. Conclusion

In this chapter, the model was verified by comparing the model predicted
data with data derived directly from cake filtration process experiment.

Initial parameters such as filter number of clean filter and hydraulic
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conductivity of sludge is needed to be determined. In concept of filter
number of a clean filter, it was shown that it is a dimensionless certain
number which is Always constant for a filter. Also hydraulic conductivity of

the sludge has been measured by a creative method.

The filtration experiments have been performed for two main purposes; first
to measure the empirical parapets and the second for model verification .In
case of waste water sludge, model has a good fitting with the experimental
data which is proved by error analysis. Based on regression analysis, it
became clear that model shows better agreement with experimental data in
filtration phase under low pressure situation. In high pressure situation,

model can predict very well in expression phase.

This model can also be used to predict the time for achieving the certain
percent of filtration process which can be very useful in many industrial

applications.
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CHAPTER 5:

Model Application

5.1. Introduction

The produced sludge from wastewater treatment process which causes
environmental pollutions represents the next challenge for water treatment
industry. In order to deal with the wastewater sludge, filtration dewatering is
required as it can reduce the water content of the sludge, the subsequent
treatment and the disposal operations. Moreover, filtered sludge is generally
much easier to handle. Dewatering process can be and expensive and

inadvisable in concept of energy if do not be known well (Pei et al., 2010).

Cake filtration modeling, which makes it possible to predict the filtration rate
and performance, is needed to manage the expenses and energy usage.
Therefore, modeling of cake filtration and expression has been a matter of
interest for decades. As it is mentioned in chapter 2, several models have
been developed to predict the time of filtration to achieve a certain
percentage of dewatering. However, due to the presence of several
parameters which are related and may govern the filtration process, making a

totally accurate model is very hard.
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The mathematical cake filtration model presented in this dissertation can be
applied for wastewater sludge as well to estimate and predicate the filtration
time for reaching a certain percentage of dewatering process at different

pressures.

In the real operational practice, time to reach the specific amount of water in
wastewater sludge is a very important issue. In many cases, a company is
trying to achieve a specific amount of dewatering process in an economical
way which can manage energy and money. In this concept, having an
operational diagram which can predict the dewatering process by considering

the combination role of pressure and time is essential for preventing wastes.

In this chapter, making contour form operational diagram is discussed for the
first time as a novel idea for the model application. It is described how to
make an operation graph for a specific filter and sludge system in order to
predict the dewatering process by considering combination of time and
pressure parameters all by using the data that the model predicted for

dewatering process and was described in chapter 4.
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5.2. Degree of dewatering, %DW

The degree of dewatering or percentage of dewatering, which is mentioned
as %DW, is the percentage amount of water which gets out of the system
during dewatering process. Degree of dewatering can be calculated from

height versus time graph which mentioned in chapter 4 by using equation 1:

%DW = ""h;o"f x 100 (1)

As an example, assume a dewatering process under 300 KPa pressure and
with sludge and filter type | system as it is described in chapter 4. By doing
simple pre-experiment and finding the important empirical parameters of
sludge (cake) and filter it is possible to run the model and predict the height
of sludge versus time curve. For wastewater sludge, Ky and K,, are 8.5 E-7
m/s and 5.9 E-10 m/s respectfully. Also about the filter m, FN¢ and T are 4.6

E+7, 2.3 E+16 and 24000s respectfully.

The height of sludge versus time curve can be plotted by running the model
using mentioned empirical parameters (figure 5.1 a). Also by using equation
1 on the data derived from height of sludge versus time curve, it is possible
to make the dewatering degree versus time curve, which is shown in figure

5.1b.

86 3



Model verification for Filter type 1and 300kPa pressure
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Figure 5.1 (a) height of sludge versus time curve and (b) %DW vs Time Curve

for Sludge and Filter Type | under 300 KPa Pressure

This graph shows that, for example, to achieve 30% dewatering, it takes
20500 seconds. Or after 1 day (86400seconds) we can have 38% degree of

dewatering.

By repeating the same method for dewatering process under 100 — 600 KPa,
it is possible to plot the %DW versus time curve for them. Table 5.2 is
presenting the amount of empirical characters for each dewatering process

and figure 5.2 is showing the %DW versus time for them.
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Table 5.1 Empirical Characters of Sludge and Filter Type | for Dewatering Process

under 100 - 600 kPa Pressure

Pressure (kPa) | Kqy (m/s) Ka(m/s) m FN¢ s (5)
100 9.8E-7 7.0E-10 0.0051 1E+16 3000
200 9.1E-7 6.3E-10 0.0043 1.8E+16 26000
300 8.5E-7 5.6E-10 0.0035 2.5E+16 24000
400 8E-7 5.1E-10 0.031 2.9E+16 18000
500 7.6E-7 4.5E-10 0.0024 3.2E+16 14000
600 7.1E-7 3.9E-10 0.015 3.2E+16 12500

Precentage of Dewatering (%0)

60

20

10

———P=100KPa ——P =200 KPa
——P=300KPa ——P =400KPa
———P=500KPa ——P =600 KPa
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Figure 5.2 %DW vs Time Curve for Sludge and Filter Type | With 300 KPa

Pressure
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5.3. Operational Diagram

In real operation, the most important parameters are pressure and time. It will
be good to estimate the degree of dewatering under the combination of time
and pressure. This idea may lead to make operational diagram of a
dewatering process.

An operation diagram is a diagram with contour lines at the plane of time
and pressure. This kind of diagram can be made from predicted data that is
provided by modeling the dewatering process. The main advantages of
operational diagram is predicting the degree of dewatering process by
considering both parameters of pressure and time without demand of any
further experiment. Figure 5.3 is showing the operational diagram for sludge

and filter type | system under different pressures.

Time(Day)

200 250 300 350 400 450 500 550 600
Prassure (KPa)

Figure 5.3.Contour Formed Operational Diagram for Sludge and Filter Type |
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As some examples for showing the data which can be derived from
operational diagrams, in this specific case, it is possible to say:

1. At 300 KPa, to reach 30% dewatering, we need about 3/8 day.

2. At 1 day, to reach 40% dewatering, we need a pressure about 370 kPa.

3. At 500 KPa, after 3/4 day, we can achieve dewatering of 42%.
However, it is possible to make this type of operational diagram for any kind

of sludge and filter type regardless to the dimension of dewatering process.

5.4. Discussion and Conclusion

In case of waste water sludge, model has a good fitting with the experimental
data which is proved by error analysis. This model can be used to predict the
time for achieving the certain percent of filtration process which can be very
useful in many industrial applications. In the other hand, pressure and time in
the real operational field means energy and money. In some cases, pressure
is the limiting factor and sometimes time is the limiting factor, depending on
the type of sludge and condition.

Based on the demand to achieve the certain degree of dewatering and also by
considering the limiting factors of the company, it is possible to guide the
dewatering operation into the most economical way that the company can

have.
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CHAPTER 6

Conclusion

A new model based on the energy law was proposed for predicting
cake filtration. To evaluate particle migration and capture in the porous
media and the effect of the filter resistance, a new dimensionless filter
number FN was introduced. In concept of hydraulic conductivity, an
innovative simple method was presented to calculate the hydraulic
conductivity with a good accuracy. Also, the effects of the governing
parameters on the model predications for both the filtration and expression
phases were found out by sensitivity analysis of the model on the governing
parameters.

The model was verified by comparing its predictions with experimental
filtration data on wastewater sludge. The effects of the governing parameters
on the model predictions were also analyzed. The application of the model to
wastewater treatment and harvested algae dewatering field was investigated
by performing several laboratory filtration experiments. The following is a
summary of the findings of the evaluation of the model and its sensitivity

analysis:
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1.  Compared to previously complicate models the models, the proposed
model is simple and more accurate.

2. Based on regression analysis and MRE calculations, the cake height
predictions of the model are in good agreement with experimental.

3. The effect of the cake hydraulic conductivity was found to be
negligible during in the filtration phase. Moreover, the filtration cake
and the particles that accumulate front of the filtering medium
significantly reduce the filtration flux.

4.  Because the cake permeability is the dominant factor during expression,
it is highly recommended that sludge treatment should only be applied
during the expression phase to save money and energy.

5. Based on results that this model can predict, it is possible to plot
operation diagram for a dewatering process. As pressure and time can be
limiting factors in industry, using operational diagrams to predict the
dewatering process by assuming the cooperation of both pressure and
time is essential in industry.

Further research is necessary to use empirical coefficient to consider the

effect of chemical enhancement

92 1



APPENDIX

t—j dx
x++vx2—2ax+b

f x—\/ —2ax+b
x+\/x2 2ax+b x—\/x2 2ax+b

. f x—Vx2—2ax+b

2ax—Db

dx 1i

Zax—b i il Z.qef..—..? ..........
1 "2t 1 b dx
2ax 2af b dx_ﬂfdx+42fx_i
a 2a
=>I—x+ bl b
~2a" 22 ™"\* " 2q

dx

JxZ —2ax+b
11=f

2ax—b>b

J((Zax —b) + (b —2a?))’ — (b — 2a2) + b”
f 2ax—Db

\/(b — 2a2)2 + b2\/[(2ax—b)+(b—2a2)]2 _

(b—2a2)" +b°

=%.f 2ax—b>b dx
S s
2ax—>b —b x
93 -

dx



By considering\/% = Secl = x=+Va?—bSecO+a =dx=
va? — b.tan#. SecH

f\/ a? — bvsec?6 — 1+ a? — b.tan8. Sec6
2a \/a2 Sect9+a) b

do

J Vsec? 0 — 1tanf.SecO 40
bSec6 +1—b/2a
—bf tan?6.Sech J‘ tan?0
2a—b - 2a—b
Sec6 + Zam 1+ ( \/—)COSQ
_Va? - bf sin%6
2a cos?6 [1 +( 2a-b )cosH]
a?—b>b 1 — cos?60
T a J 20 [1+ (o e]de
cos ( \/_)cos

. 1—u?
By con5|der|ng cos O :TZZ Su= tan(G/Z) =>du = (1 + tan? ( )) do =

do =

1+u? S0:

poye-b [1 B (1;_22)2] (ﬁ)
/ (

(e (14 (22 (59))

_ 4Va? —bJ‘ u?
- a (1 - u?)( +u? + 222 (1 - u?))

2a-b
By consideringP =1 — Py andg=1+ mwe will have:

AT w2
(1 —u?)(Pu? — Q)
4\/a2 q

f [(1 + P)(l - uz) (1 + P)(Pu? — q)

94 J_'E

do



_4JaZ=b 1 1 q .
T a(1+P) [2(1—u)+2(1+u)_(Pu2—q)] “

ALy (1—u?) +2 L P
“a+p) T T aaw e e gt
So:

In which:
h
X=— =
K
_ 4 _ _2a-b _ 2a-b
P=1 2ava?-b And 4= 1+ 2ava?-b
FN.A*| (P FN.A?
bzz[ 2](—)Anda=K[ 2]
gAx* Y gAx
x—a x—a—VvaZ-b
- ==—>2u="——
u = tan(6/2) And Secb T U —aivais
So:

t—x+bl( b)
“2a" 22z "\* " 2a

N 2vVa%—-b
a(1+P)

l( 2Va*—b >+2 Tean-1| [Pean( L ‘1< az_b)
"\V& b+x-a o\ o™ 27 (x—a

95



Reference

1. Singh, B.K., Walker A., Morgan J.AW., and Wright D.J. (2004)
Biodegradation of chlorpyrifos by Enterobacter strain B-14 and its use in
bioremediation of contaminated soils. App. Environ. Microbiol.70, 4855-
4863

2. Spellman, F. R. (1977). Wastewater Biosolids to Compost. Lancaster, PA:
Technomic Publishing Co.

3. Metcalf & Eddy (1991). Wastewater Engineering; Treatment, Disposal,
Reuse. Ney York: McGraw-Hill, Inc.

4. Pearse, M.J., (2003). Historical use and future development of chemicals
for solid-liquid separation in the mineral processing industry. Minerals
Engineering 16, 103-108.

5. De Maeseneer, J.L., (1997). Constructed wetlands for sludge dewatering.
Water Science and Technology 35, 279-285.

6. Hajjar, D., AbouRizk, S., Xu, J.F., (1998). Construction site dewatering
analysis using a special purpose simulation-based framework. Canadian
Journal of Civil Engineering 25, 819-828.

7. Hajjar, D., AbouRizk, S., Xu, J.F., (1998). Construction site dewatering
analysis using a special purpose simulation-based framework. Canadian
Journal of Civil Engineering 25, 819-828.

8. Chen, L.C,, Chien, C.Y., Chu, C.P, Lee, D.J., Hsieh, K.H., Lee, C.H., Liu,

96 1



J.C., (2002). Conditioning and dewatering of pulp and paper sludge.

Drying Technology 20, 967-988.

9. Rojas, O.J., Hubbe, M.A. (2004) The dispersion science of papermaking.

Journal of Dispersion Science and Technology 25, 713-732.

A.Robles, M.V.Ruano, J.Ribes, A.Seco, J.Ferrer (2013) Mathematical

10.

11.

12.

13.

14.

modeling of filtration in submerged anaerobic MBRs (SAnNMBRS): Long
term validation, Journal of Membrane Science 446, 303-309.

Akrama Mahmoud, Jeremy Olivier, Jean Vaxelaire and Andrew
F.A.Hoadley. (2010). Electrical field: A historical review of its
application and contributions in wastewater sludge dewatering. Water
research 44, 2381-2407

D.J. Lee, C.H. Wang, Theories of cake filtration and consolidation and
implications to sludge dewatering, Water Research 34 (2000) 1-20.

D. Curvers, K.C. Maes, H. Saveyn, B. De Baets, S. Miller, P. Van der
Meeren, Modelling the electro-osmotically enhanced pressure dewatering
of activated sludge, Chemical Engineering Sci. 62 (2007) 2267 — 2276
Wakeman, R.J. Thickening and filtration: a review and evaluation of
recent research. Trans. IChemE, 59 (1981) 147-160

Shirato, M. et al. (1985). Theoretical and experimental studies in cake
filtration. Memoirs of the Faculty of Engineering Nagoya University 37:

38.

97 :.__:



15.

16.

17.

18.

19.

20.

21.

B. Xia, D.W. Sun, L.T. Li, X.Q. Li, and E. Tatsumi, Effect of electro-
Osmotic dewatering on the quality of tofu sheet. Drying Technology: An
International J. 21(1), 2003, 129-145

Y. El Rayess, C. Albasia, P. Bacchin, P. Taillandier, M. Mietton-Peuchot,
A. Devatine, Cross-flow microfiltration of wine: Effect of colloids on
critical fouling conditions. J.of Membrane Sci. 385-386(2011) 177-186

P. Grassia, S.P. Usher, PJ. Scales, Asimplified parameter extraction
technique using batch settling data toestimate suspension material
properties in dewatering applications, Chemical Engineering Science 63
(2008) 1971 — 1986

J. Olivier and J. Vaxelaire, Modeling of cake filtration: An overview,
Separation Sci. &Tech.,42 (2007) 1667-1700

A.D. Stickland, C. Burgess, D.R. Dixon, PJ. Harbour, P.J. Scales, L.J.
Studer, Sh.P. Usher, Fundamental dewatering properties of wastewater
treatment sludges from filtration and sedimentation testing. Chemical
Engineering Science 63 (2008) 5283-5290

Zhenze Li, Takeshi Katsumi, Toru Inui. 2011. Modeling cake filtration
under coupled hydraulic, electric and osmotic effects. Journal of
Membrane Science 378, 785-494

Wakeman, R.J. Thickening and filtration: a review and evaluation of

recent research. Trans. IChemE, 59 (1981) 147-160

98 :._:



22,

23.

24,

25.

26.

27.

28.

29.

30.

Shirato, M. et al. 1985. Theoretical and experimental studies in cake
filtration. Memoirs of the Faculty of Engineering Nagoya University 37:
38.

Lee, D.J.,, Wang, C.H., 2000. Theories of cake filtration and
consolidation and implications to sludge dewatering. Water Research 34
(1), 1-20.

Yu'kseler, H., Yetis, U., and Tosun, 1. (2005) Current status of filtration
theory. J. Residuals Sci. Tech., 2: 211.

Ruth, B.F., Montillon, G.H., Montonna, R.E., 1933a. Studies in filtration
I: critical analysis of filtration theory. Industrial and Engineering
Chemistry 25 (1), 76-82.

Ruth B. F., Montillon G. H. and Motonna R. E. (1933b) Studies in
filtration: Il. Fundamentals of constant pressure filtration. Industrial and
Engineering Chemistry 25(2), 153-161.

Ruth B. F. (1935) Studies in filtration: I11. Derivation of general filtration
equations. Ind. Eng. Chem. 27(6), 708-723.

Ruth B. F. (1946) Correlating filtration theory with industrial practice.
Ind. Eng. Chem. 38, 564-571.

Wakeman R. J. (1981a) Thickening and filtration: a review and
evaluation of recent research. Trans. IChemE 59, 147-160.

Wakeman R. J. (1981b) The formation and properties of apparently

99 :.__:



31.

32.

33.

34.

35.

36.

37.

38.

incompressible filter cake on downward facing surfaces. Trans. IChemE
59, 260-270.

He D. X, Tan R. B. H. and Tien C. (1997a) An overview of
investigations on filter cake characteristics. Adv. FiltrSepar. Tech. 11,
404-417.

He D.-X,, Tan R. B. H. and Tien C. (1997b) An investigation of the filter
cake characteristics in a modified compression-permeability cell. AIChE
Annual Meeting, LosAngeles, USA.

Meeten G. H. (1994) Shear and compressive yield in the filtration of a
bentonite suspension. Colloids Surf. A82, 77-83.

Atsumi K. and Akiyama T. (1975) A study of cake filtration-formation as
a Stefan problem. J. Chem. Eng. Jpn. 8, 487-492.

Wakeman R. J. (1978) Numerical integration of the differential equations
describing the formation of and flow in compressible filter cake. Trans.
IChemES56, 258-265.

Wakeman R. J. (1986) Theoretical approaches to thickening and filtration.
In ed. N. P. Cheremisinoff, Encyclopedia of Fluid Mechanics, Vol. 5.
Gulf Pub, Houston.

Houi D. and Lenormand R. (1986) Particle accumulation at the surface of
a filter. Sep. Filt.238-242.

Tassopoulos M. and Rosner D. E. (1992) Micro structural descriptors

100 v ]



39.

40.

41.

42.

43.

44,

45.

46.

characterizing granular deposits. AIChE J. 38, 15-25.

Lu W. M., Tung K. L. and Hwang K. J. (1997a) Effect of woven structure
on transient characteristics of cake filtration. Chem. Eng. Sci. 11, 1743-
1756.

Lu W. M. and Hwang K. J. (1993) Mechanism of cake formation in
constant pressure filtrations. Sep. Tech. 3, 122-132.

Hwang K. J. and Lu W. M. (1997) Hydrodynamic analysis on the
mechanism of cross flow filtration of power-law slurry. J. Chem. Eng.
Jpn. 30, 698-705.

Hwang K. J,, Wu Y. S. and Lu W. M. (1997a) Effect of the size
distribution of spherical particles on the surface structure of a filter cake.
Powder Tech. 91, 105-113.

Liao Y. C. (1997) Micro descriptors and configurational entropy in
simulated particle systems. M.Sc. thesis, National Taiwan University,
Taipei.

Lu W. M. and Hwang K. J. (1995) Cake formation in 2Dcross flow
filtration. AIChE J. 41, 1443-1455.

Tiller, EM. and Huang, C.J. (1961) Filtration equipment. Theory. Ind.
Eng. Chem., 53 (7): 529.

Tiller, EM. and Green, T.C. (1973) The role of porosity in filtration. 1X:

Skin effect with highly compressible materials. AIChE J., 19 (6): 1266.

101 v ]



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tiller, EM. and Crump, J.R. (1977) Solid-Liquid separation: an overview.
Chem. Eng. Prog., 73: 65.

Shirato, M., Sambuichi, M., Kato, H., and Aragaki, T. (1969) Internal
flow mechanism in filter cakes. AIChE J., 15 (3): 405.

Stamatakis, K. and Tien, C. (1991) Cake formation and growth in cake
filtration. Chem. Eng. Sci., 46 (8): 1917.

Wu, VY. (1994) An analysis of constant-pressure filtration. Chem. Eng.
Sci., 49 (6): 831.

Lee, D.J., Ju, S.P,, Kwon, J.H., and Tiller, M. (2000) Filtration of
highly compactible filter cake: variable internal flow rate. AIChE J., 46
(1): 110.

Tiller, M., Chow, R., Weber, W., and Davies, O. (1981) Clogging
phenomena in the filtration of liquefied coal. Chem. Eng. Prog., 77: 61.
Sorensen, P.B., Moldrup, P., and Hansen, J.Aa. (1996) Filtration and
expression of compressible cakes. Chem. Eng. Sci., 51 (6): 967.
Sorensen, B.L. and Sorensen, P.B. (1997) Structure compression in cake
filtration.J. Environ. Eng., 123 (4): 345.

Smiles, D.E. (1970) A theory of constant pressure filtration. Chem. Eng.
Sci., 25: 985.

Smiles, D.E. and Kirby, J.M. (1987) Aspects of one-dimensional

filtration. Sep. Sci. Tech., 22: 1405.

102 v ]



57.

58.

59.

60.

61.

62.

63.

64.

65.

Smiles, D.E. (2000) Use of material coordinates in porous media solute
and water flow. Chem. Eng. J., 80 (1-3): 215.

Wakeman, R.J. (1978) A numerical integration of the differential
equations describing the formation of and flow in compressible filter
cakes. Trans. IChemE., 56: 258.

Tosun, 1. (1986) Formulation of cake filtration. Chem. Eng. Sci., 41 (10):
2563.

Willis, M.S. and Tosun, 1. (1980) A rigorous cake filtration theory. Chem.
Eng. Sci., 35: 2427.

Willis, M.S., Collins, R.M., and Bridges, W.G. (1983) Complete analysis
of no parabolic filtration behavior. Chem. Eng. Res. Des., 61: 96.

Chase, G.G. and Willis, M.S. (1992) Compressive cake filtration. Chem.
Eng. Sci., 47 (6): 1373.

Tosun, 1., Willis, M.S., Desai, F., and Chase, G.G. (1995) Analysis of
drag and particulate stress in porous media flows. Chem. Eng. Sci., 50
(12): 1961.

Gray, W.G. (1975) A derivation of the equations for multi-phase transport.
Chem. Eng. Sci., 30: 229.

Whitaker, S. (1977) Simultaneous heat, mass and momentum transfer in
porous media: a theory of drying. Advances in Heat Transfer; Academic

Press: New York, 119-203.

103 v ]



66.

67.

68.

69.

70.

71.

72,

73.

74.

Stickland, A.D. (2005) Solid-liquid separation in the water and
wastewater industries, PhD thesis. University of Melbourne.

Buscall, R. and White, L.R. (1987) The consolidation of concentrated
suspensions. Part I. — The theory of sedimentation. J. Chem. Soc.
Faraday Trans., 83: 873

D.R. Sperry, Note and correspondence: a study of the fundamental laws
of filtration using plant-scale equipment, Ind. Eng. Chem. 13 (1921)
1163- 1164.

F.M. Tiller, H. Cooper, The role of porosity in filtration: part V. Porosity
variation in filter cakes, AIChE J. 8 (1962) 445-449.

F.M. Tiller, W.F. Lue, Basic data fitting in filtration, J. Chinese Inst.
Chem. Engr. 11 (1980) 61-70.

W.M. Lu, K.L. Tung, C.H. Pan, K.J. Hwang, The effect of particle
sedimentation on gravity filtration, Sep. Sci. Technol. 33 (1998) 1723-
1746.

F.M. Tiller, H.R. Cooper, The role of porosity in filtration: V. Constant
pressure filtration, AIChE J. 6 (1960) 595-601.

D. Curvers, K.C. Maes, H. Saveyn, B. De Baets, S. Miller, P. Van der
Meeren, Modelling the electro-osmotically enhanced pressure dewatering
of activated sludge, Chemical Engineering Sci. 62 (2007) 2267 — 2276

Lu W. M. and Hwang K. J. (1995) Cake formation in 2Dcross flow

104 )



75.

76.

77.

78.

79.

80.

81.

82.

filtration. AIChE J. 41, 1443-1455.

Tiller, EM. and Huang, C.J. (1961) Filtration equipment. Theory. Ind.
Eng. Chem., 53 (7): 529.

Tiller, EM. and Green, T.C. (1973) The role of porosity in filtration. 1X:
Skin effect with highly compressible materials. AIChE J., 19 (6): 1266.
Cheng Lin, Wei Zhu, and Jie Han (2013) Permeability and likability of
solidified sewage sludge, Environmental Geotechnice, (1) 1 33-39

D. Curvers, K.C. Maes, H. Saveyn, B. De Baets, S. Miller, P. Van der
Meeren, Modelling the electro-osmotically enhanced pressure dewatering
of activated sludge, Chemical Engineering Sci. 62 (2007) 2267 — 2276

J. Olivier and J. Vaxelaire, Modeling of cake filtration: An overview,
Separation Sci. & Tech.,42 (2007) 1667-1700

A.D. Stickland, C. Burgess, D.R. Dixon, PJ. Harbour, P.J. Scales, L.J.
Studer, Sh.P. Usher, Fundamental dewatering properties of wastewater
treatment sludges from filtration and sedimentation testing. Chemical
Engineering Science 63 (2008) 5283-5290

Zhenze Li, Takeshi Katsumi, Toru Inui. 2011. Modeling cake filtration
under coupled hydraulic, electric and osmotic effects. Journal of
Membrane Science 378, 785-494

E. Iritani, N. Katagiri, S. Kanetake, Determination of cake filtration

characteristics of dilute suspension of bentonite from various tests,

105 v ]



83.

84.

85.

86.

87.

separation and purification Technology 92 (2012) 143-151

Lu W. M. and Hwang K. J. (1995) Cake formation in 2D cross-flow
filtration. AIChE J. 41, 1443-1455

Liao Y. C. (1997) Microdescriptors and configurational entropy in
simulated particle systems. M.Sc. thesis, National Taiwan University,
Taipei.

Tarleton E. S. a: A New Approach to Variable Pressure Cake Filtration,
Loughborough’s Institutional Repository.

Tarleton E. S. b: Predicting the Performance of Pressure Filters,
Loughborough’s Institutional Repository.

Pei, H.Y., Hu, W.R., Liu, Q.H., 2010. Effect of protease and cellulase on

the characteristic of activated sludge. J. Hazard. Mater. 178, 397-403.

106 v ]



FN< ©]-&-% Alo|3 oo 814
2 A38 45

Aol=2 otz & =0l HELY =X Hel &0
MAZLCE =& HA= S2iXlet EHO| 25 M2z oot
ATEA] Ao|R ool AsEZY2 Aol MYOo[LE TH
AEe = JHEE QUL = =22 1A A o[3 ot I F el ofat

Asdt BAE E7tots si4H 2YS HMAISHAIE. Al

H
0%t
rlo
=2
I
Ral
IE

Jas
mjo
o
ol

stol ofmt oixlel ME Fue
Dt M ol Haol TEAS (FN)7F M st

X0 Ol ofaf dHe = MAIE 2Ys dEJCL =2 1t

107 v ]



H X < ~ ol T E_____ o)

o & 7 T ® @ H

2 g o oo o= )
ST S I -

o = ol @ ol uF
DO RI ol 80 o .
of M = R L O
7 o W 7 5 o o
% W o oo o p W FT 4
e AU RO o R0 T T 0 1
oL " W oz B o=
1 5 H = © = __H“__ Kr =
= = 8 T R < S o
< — i = o om ol 31
(a ™ = - —_

~ R _ A1 Nl wo 2o
o N = W 5T = Kq I

® KT N T
o o O B0 20w = H o
g1 T N oH s N
.o % < = g B o m p)
R H ok © U LN
i\ H o/ a7 = _Il_A =)
ol N 0l = o 21 G o ¥
H g & - T
T < O — 11 N VI R
om < ml O . 0o W wo H
W o < O o O O™ K =
H 8 & o2 oo o8 K o " M

108

b= =2 X], 25 A=, 2

-4
(o]

g, A 0|2 ofat,

4

O
o

KEYWORDS

=



	CHAPTER 1 : Introduction
	1.2. Background
	1.3. Research Objectives
	1.4. Dissertation organization

	CHAPTER 2 : Literature Review
	2.1. Introduction
	2.2. Conventional model
	2.3. Diffusional model
	2.4. Multi-phase (3D)
	2.5. Particle Dynamic Approach
	2.6. Consideration Theory
	2.7. Conclusion

	CHAPTER 3 : Cake filtration modeling
	3.1. Introduction
	3.2. Energy balance equation
	3.2.1. Model Theory
	3.2.2. Head loss through cake 
	3.2.2.1. Determination of hydraulic conductivity
	3.2.2.2. Sample calculation of hydraulic conductivity

	3.2.3. Head loss through filter medium
	3.2.4. Basic equations

	3.3. Filter number
	3.3.1. Definition of filter number
	3.3.2. Sample calculation of filter number

	3.4. Governing equations
	3.4.1. Filtration phase
	3.4.2. Expression phase

	3.5. Model sensitivity
	3.5.1. Filtration Test
	3.5.1.1. Wastewater sludge
	3.5.1.2. Experimental set-up and procedure
	3.5.1.3. Initial and experimental parameters

	3.5.2. Effect of governing parameters
	3.5.2.1. Effect of pressure head
	3.5.2.2. Effect of hydraulic conductivity
	3.5.2.3. Effect of filter number


	3.8. Discussion 
	3.9. Conclusion

	CHAPTER 4 : Model Evaluation
	4.1. Introduction
	4.2. Laboratory Experiment
	4.2.1. Materials and preparation
	4.2.1.1. Wastewater sludge
	4.2.1.2. Filters
	4.2.1.3. Experimental set-up

	4.2.2. Filtration experiment condition and procedure
	4.2.3. Experiment results

	4.3. Model prediction
	4.3.1. Pre-experiments
	4.3.1.1. Filter number for clean filter (FN0)
	4.3.1.2. Hydraulic Conductivity of Cake

	4.3.2. Filter number function, FN(t)
	4.3.3. Results of model prediction

	4.4. Comparing experimental and modeling results
	4.4.1. Model verification
	4.4.1.1. Error analysis
	4.4.1.1.1. Regression Analysis
	4.4.1.1.2. Mean Relative Error



	4.5. Conclusion

	CHAPTER 5 : Model Application 
	5.1. Introduction
	5.2. Degree of dewatering, %D 
	5.3. Operational Diagram
	5.4. Discussion and Conclusion

	CHAPTER 6 Conclusion
	Appendix
	References


<startpage>20
CHAPTER 1 : Introduction 1
 1.2. Background 1
 1.3. Research Objectives 6
 1.4. Dissertation organization 7
CHAPTER 2 : Literature Review 9
 2.1. Introduction 9
 2.2. Conventional model 10
 2.3. Diffusional model 14
 2.4. Multi-phase (3D) 16
 2.5. Particle Dynamic Approach 17
 2.6. Consideration Theory 19
 2.7. Conclusion 22
CHAPTER 3 : Cake filtration modeling 24
 3.1. Introduction 24
 3.2. Energy balance equation 26
  3.2.1. Model Theory 26
  3.2.2. Head loss through cake  28
   3.2.2.1. Determination of hydraulic conductivity 31
   3.2.2.2. Sample calculation of hydraulic conductivity 33
  3.2.3. Head loss through filter medium 37
  3.2.4. Basic equations 38
 3.3. Filter number 40
  3.3.1. Definition of filter number 40
  3.3.2. Sample calculation of filter number 43
 3.4. Governing equations 47
  3.4.1. Filtration phase 47
  3.4.2. Expression phase 48
 3.5. Model sensitivity 50
  3.5.1. Filtration Test 50
   3.5.1.1. Wastewater sludge 50
   3.5.1.2. Experimental set-up and procedure 51
   3.5.1.3. Initial and experimental parameters 52
  3.5.2. Effect of governing parameters 55
   3.5.2.1. Effect of pressure head 56
   3.5.2.2. Effect of hydraulic conductivity 57
   3.5.2.3. Effect of filter number 59
 3.8. Discussion  60
 3.9. Conclusion 62
CHAPTER 4 : Model Evaluation 64
 4.1. Introduction 64
 4.2. Laboratory Experiment 65
  4.2.1. Materials and preparation 65
   4.2.1.1. Wastewater sludge 65
   4.2.1.2. Filters 67
   4.2.1.3. Experimental set-up 68
  4.2.2. Filtration experiment condition and procedure 69
  4.2.3. Experiment results 70
 4.3. Model prediction 71
  4.3.1. Pre-experiments 71
   4.3.1.1. Filter number for clean filter (FN0) 71
   4.3.1.2. Hydraulic Conductivity of Cake 73
  4.3.2. Filter number function, FN(t) 75
  4.3.3. Results of model prediction 76
 4.4. Comparing experimental and modeling results 78
  4.4.1. Model verification 78
   4.4.1.1. Error analysis 80
    4.4.1.1.1. Regression Analysis 80
    4.4.1.1.2. Mean Relative Error 82
 4.5. Conclusion 82
CHAPTER 5 : Model Application  84
 5.1. Introduction 84
 5.2. Degree of dewatering, %D  86
 5.3. Operational Diagram 89
 5.4. Discussion and Conclusion 90
CHAPTER 6 Conclusion 91
Appendix 93
References 96
</body>

