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Abstract 

Low pressure membrane applications, such as microfiltration (MF) and 

ultrafiltration (UF), have been widely employed in wastewater treatment systems 

including membrane bioreactors (MBRs). The main problem of these applications is 

that the operating life period of the membrane is greatly reduced due to the rapid 

fouling rate, resulting in frequent cleaning of the membrane and consequently 

increasing the plant maintenance and operating cost. Dynamic shear-enhancing 

approaches, including vibrating hollow fibres membrane modules, have been 

proven to be effective to reduce concentration polarization and membrane fouling. 

However, to date, the effects of the parameters of vibrating system on the fouling 

have not been well studied comprehensively. 

In order to obtain a better understanding of the behavior of supermicron particles in 

the shear flows, the particle deposition in a simple crossflow microfiltration 

(CFMF) channel was first investigated theoretically and experimentally. Direct 

observation through the membrane (DOTM) was employed to determine the local 

critical flux in the channel. The mass transfer of the particles in the channel was 

simulated using the finite difference method. The results showed that a critical 

modified Peclet number (Pecrit ) can be introduced as a generalized (not depending 

on the hydrodynamics) criterion for the onset of particle deposition rather than the 

critical flux. 

The effects of vibration parameters, namely frequency and amplitude, and 

geometrical parameters (such as fibre radius and bundle packing density) on the 



x 

 

wall shear rate at the membrane surface were studied both analytically and 

numerically for longitudinal vibrating fibres. The CFD results showed a good 

agreement with the analytical solution results. 

For transverse oscillating fibres, in addition to the shear flow around the membrane 

fibres, some secondary flows also exist. CFD simulations were performed to 

analyse the secondary flows induced by transverse oscillating membrane fibres. In 

addition, the hydrodynamics of different fibre layouts, such as bundle and curtain of 

membrane fibres, were studied and compared. For validation purpose, the CFD 

simulation results were compared with experimental data acquired using the 

technique of Particle Image Velocimetry (PIV) in the laboratory with different 

Reynolds numbers.  The computational results generally showed a good agreement 

with the experimental observations. 

The effect of different anti-fouling techniques (such as aeration and vibration) on 

the internal fouling of the membranes was assessed using different methods, 

including liquid displacement porometry (LDP), evapoporometry (EP) and field-

emission scanning electron microscopy (FESEM). The results suggested that using 

vibration might have adverse effects on the performance of the membrane with 

internal fouling.  

Finally, the behavior of accumulated particles near vibrating surfaces was also 

evaluated using PIV. The results showed that in order to prevent the cake formation 

on the membrane surface, shear rate (induced by vibration) and washing flows 

(generated by aeration) are both needed. 
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Chapter 1 

 Introduction  

1 Introduction  

1.1 Background and Motivation 

At present, the main challenge in low pressure membrane applications is the rapid 

fouling rate of the membranes due to heavily loaded suspensions and the high 

fluxes used commonly in these applications. Several techniques have been 

developed in the industry to prevent or reduce fouling during the membrane 

filtration process. These techniques could be categorized into two major methods: 

¶ Air Bubbling 

¶ Dynamic Shear-Enhanced Membrane Filtration 

With air bubbling, bubbles are used to induce turbulences and scrub the surface of 

the membrane (Brindle, et al. 2000) From hydrodynamic point of view, air bubbling 

generates higher shear stresses on the membrane surface, and induces additional 

flows in different directions that scatter particles from the surface. Besides, the 

movement of fibres, which is induced by bubbles, can also be considered as a 

possible reason of fouling reduction for loose submerged hollow fibre modules 

(Cui, et al. 2003). However, one of the main disadvantages of this technique is its 

high power consumption. It is reported that a significant portion of power 

consumption of a submerged system is due to aeration (Gander, et al. 2000). This 

problem arises because the bubble distribution is hardly controllable, and hence a 
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huge portion of aeration energy is wasted. Another problem of aeration is that with 

increasing aeration rate, the system performance in terms of flux improvement 

reaches a limit and no further improvement can be achieved. Finally, the shear rate 

induced by bubbling is relatively weak and consequently only modest fluxes in 

filtering operation with bubbling can be employed (Cui, et al. 2003; Genkin, et al. 

2006).    

It is well known that high shear rates on the surface of membrane can reduce the 

Concentration Polarization (CP), cake build-up and consequently fouling in 

membrane systems. In conventional Cross-Flow Filtration (CFF), these high shear 

rates are achieved by increasing the tangential flow velocity along the membrane 

surface and decreasing the channel width. This combination of factors results in 

high pressure drop along the membrane. In order to provide a high flow velocity 

and concomitant high pressure gradient, a huge amount of pumping energy is 

therefore required. Also, due to the pressure gradient in the direction of the 

permeate flow, the Trans Membrane Pressure (TMP) of the process varies in at 

different parts of membrane and thus causes a non-optimal utilization of whole 

membrane (Jaffrin 2008). 

In dynamic or shear-enhanced filtration, a moving part is used to induce shear rate 

on the surface of the membrane instead. Some common methods of shear enhanced 

systems are rotating cylindrical membrane, rotating disk systems and vibrational 

membranes. 

A rotating cylindrical membrane consists of cylindrical membranes rotating in a 

fixed cylindrical housing. Rotating disk systems use rotating disks near fixed 



Chapter 1. Introduction 

 

3 

 

circular membranes. These two systems have several drawbacks such as complexity 

and limited membrane area that lead to higher equipment cost. Thus, the 

commercial success of the industrial scales of these applications has been limited 

(Akoum, et al. 2002; Jaffrin 2008). 

Different modes of vibration can be used in different membrane systems. For 

instance, a hollow fibres system can be vibrated longitudinally, transversely and 

torsionally (Figure  1.1). A flat membranes system can vibrate torsionally as well, 

around a vertical axis. Therefore, it seems that the method of vibrating membranes 

could be more effective and applicable in comparison with alternate methods. In 

addition, anaerobic systems are gaining momentum in the wastewater industry due 

to their potential of energy production. The vibration approach would be ideal for 

anaerobic MBR systems.  

Many experimental studies have been carried out on vibrational membranes. These 

studies and their results will be discussed in Chapter 2. At the same time, theoretical 

analysis and numerical modeling of these systems are rare. The modeling needs for 

the study of a vibrational membrane system can be divided into two parts: 

1. Modeling of the hydrodynamic of the system that can predict the shear rate 

on the membrane surface and flow characterization near the membrane. 

2. Modeling of the reverse transport mechanism of the supermicron particles 

away from the membrane surface in a shear flow, which enables the 

prediction of the back transport induced on the particles caused by shear and 

consequently the critical flux of the membrane. 
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Figure  1.1 Schematic of a hollow fibres module with different modes of vibration: (a) 

longitudinal vibration; (b) transverse vibration; and (c) torsional vibration. 

Therefore, comprehensive hydrodynamic models are required to help understand 

the effects of hydrodynamics on the performance of the low pressure membrane 

systems.  

1.2 Objectives 

The research objectives of this study are summarized as follows: 

ü Develop a model to predict the onset of deposition of supermicron particles 

in shear flows on the membrane surface. This model will  be verified with 

accurate experimental results.  

ü Develop a model to determine the velocity profile and wall shear rate around 

lengthwise vibrating hollow fibre systems using analytical formulations and 

numerical simulations. 
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ü Study the hydrodynamics around a transverse oscillating hollow fibre 

membrane. The hydrodynamics of different configurations of oscillating 

fibres will  be modeled and compared. The modeling will  be verified with 

PIV results. 

ü Determine the effects of vibration on the internal fouling of the membrane. 

The vibration approach will  also be compared with other anti-fouling 

techniques such as aeration. 

ü Investigate the behavior of accumulated particles on the surface of a 

vibrating membrane.  

1.3 Thesis Outline  

This thesis is organized in nine chapters as follows: 

Chapter 1 Introduction: This chapter presents the introduction of this study 

and describes the contents of this report.  

Chapter 2 Literature review: This chapter reviews the prior studies on the low 

pressure membrane systems and anti-fouling techniques in these 

systems. 

Chapter 3 Materials and methods: The materials, experimental protocols, 

characterization methods and experimental apparatus are described 

in this chapter. 

Chapter 4 Prediction of supermicron particle deposition in the shear flow in 

crossflow microfiltration: The onset of particle deposition in a 

crossflow channel was investigated via DOTM. A new numerical 

modeling of supermicron particles in the shear flows was presented 
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in this chapter. The critical Peclet number was introduced as a 

generalized criterion for the onset of particle deposition in the shear 

flows.  

Chapter 5 Hydrodynamic analysis of vibrating hollow fibre membranes:  

This chapter introduces a new analytical solution for the flow field 

around a longitudinal vibrating hollow fibre. CFD simulations were 

performed to calculate the induced shear rate on the membrane 

surface in vibrating fibre bundles with different layouts.  

Chapter 6 Hydrodynamic Analysis of Transverse Oscillating Hollow Fibre 

Membranes: A comprehensive study of the hydrodynamics in 

transverse oscillating fibre membrane systems is presented in this 

chapter.  

Chapter 7 A Comparison of Different Anti-Fouling Techniques, in Terms of 

Membrane Rejection and Fouling Mode: The effects of membrane 

vibration on the internal fouling of the membrane are investigated in 

this chapter.  

Chapter 8 Preliminary Observation of Supermicron Particles Polarization 

near a Vibrating Surface: The behaviour and motion of 

accumulated particles on the surface of vibrating membranes are 

studied.  

Chapter 9 Conclusions and Recommendations:  This chapter summarizes the 

important findings of the current study and provides 

recommendations for further research work. 
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Chapter 2 

 Literature Review 

2 Literature Review 

This chapter briefly reviews some basic definitions and concepts of membrane 

processes, as well as the literature on shear enhancing methods in membrane 

processes.   

2.1 Membrane: A Broad Concept 

A membrane can be considered as a semi-selective barrier which can block the 

transmission of particular particles while allowing other particles to permeate 

through. Nowadays, numerous kinds of membranes exist. The membranes are made 

with different properties, materials, thickness, structures, etc. For instance, a 

membrane can be as thin as 100 nm and as thick as a centimetre, and it can be made 

of organic or inorganic materials. The structure of a membrane may be symmetric 

or asymmetric, and homogeneous or heterogeneous. Different driving forces can 

cause the mass transfer through a membrane such as an electrical field or a 

difference in temperature, concentration or pressure between two sides of the 

membrane (Mulder 1996). 

Pressure driven membrane processes, which this study deals with, can be classified 

into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 

osmosis (RO) based on the particle size and range of the applied pressure for the 
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processes. In these processes, a pressure difference between two sides of the 

membrane, called transmembrane pressure (TMP), causes the flux through the 

membrane. The typical pressure and flux range used in different pressure driven 

membrane processes are shown in Table  2.1. In this study, low pressure membrane 

processes refer to microfiltration and ultrafiltration. Figure  2.1 summarizes the 

application range of these processes from the particles size point of view. 

Table  2.1 The flux and pressure range in different pressure driven membrane processes  (adopted 

from Wicaksana (2006)). 

Membrane Process Type Pressure Range (bar) Flux Range (L/m
2
 h bar) 

Microfiltration  0.1-2.0 >50 

Ultrafiltration  1.0-5.0 10-50 

Nanofiltration  5.0-20 1.4-12 

Reverse Osmosis 10-100 0.05-1.4 

 

2.2 Different Membrane Operational Modes 

The operational conditions of membrane systems can be categorized from different 

viewpoints. The feed stream can be fully filtered or only a percentage can pass 

through the membrane to the permeate side. Also, in a filtration process, either the 

TMP or the flux can be fixed. 
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Figure  2.1 Different pressure driven membrane processes and their application range 

(adopted from Cui and Muralidhara (2010)). 

2.2.1 Dead End and Crossflow Filtrations 

Two different basic modes of operation can be distinguished in pressure driven 

membrane processes: dead end and crossflow modes. Figure  2.2 describes the 

differences between these two modes schematically. The feed flow direction in dead 

end mode is perpendicular to the membrane and also there is no retentate stream in 

this mode. Cake formation is very severe in dead end operations and the membrane 

should be back washed repeatedly in order that the cake resistance does not increase 

too much. 

In cross flow mode, there are three streams: feed, permeate and retentate. The feed 

stream is parallel to the membrane surface. The tangential component of the feed 

velocity makes the particles move in the flow direction. As a result, the cake 

formation and fouling tendency are less compared to the dead end mode. The 

parallel feed flow in cross flow mode can be caused by pumping, stirring, bubbling 
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and moving the membrane relative to the surrounding fluid. It should be mentioned 

that some modes of membrane filtration cannot be categorized as dead end or cross 

flow completely and they are a combination of these two modes (Cheryan 1998).  

2.2.2 Constant Pressure and Constant Flux Operations  

 The TMP of a membrane filtration process can be set to a fixed value. This 

operational condition is called constant pressure filtration. If the TMP is small 

enough, then an almost constant permeate flux may be achieved. Otherwise the 

permeate flux would decline to a final steady value (see Figure  2.3a). As can be 

seen in the figure, this mode of operation is self limiting and the flux would reach a 

final minimum value called final flux.   

Running a filtration process under the constant flux mode will result in an 

accelerating rise of the TMP if the flux is over a critical value (critical flux, Jcrit) 

(Field, et al. 1995). Figure  2.3 shows that the constant flux operation is a self 

accelerating process. If the filtration is run under the critical flux, then no 

significant fouling will occur (Howell 1995). The critical flux concept and the 

methods used to determine the critical flux, are discussed in more details in the next 

section. 

Through comparing the performance of the constant flux and constant pressure 

processes for water treatment, it was found that the constant flux mode is much 

more preferable since it prevents an initial high fouling rate which is common under 

constant pressure mode (Defrance and Jaffrin 1999). 
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Figure  2.2 Schematic of differences between the modes of operation for pressure driven 

membrane filtration: (a) dead end and (b) crossflow. 

 

 

Figure  2.3 Schematic diagram of the operational conditions over time: (a) constant 

pressure filtration and (b) constant flux filtration. 

 

2.2.3 Concept of Critical Flux  

A concept which has been used extensively in the literature of microfiltration 

processes is the critical flux (Jcrit). The critical flux hypothesis for microfiltration is 
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based on the fact that a flux can be found, in constant TMP filtration, that below it 

the decline of flux over the time is negligible; and above it the fouling is noticeable. 

Likewise, in constant-flux filtration, an increase in TMP is not observable below the 

critical value. The value of the critical flux depends on the hydrodynamics, particle 

size, pore size and probably other variables. The critical flux can be determined 

experimentally (Field, et al. 1995). For MBR applications, however, the critical flux 

is not easy to be determined because of the fast adsorption of particles on the 

surface of the membrane in these applications. To determine Jcrit in a filtration 

process, different methods can be used as described in the following.   

2.2.3.1 Flux Stepping 

In this method, the permeate flux is kept constant in each step within a certain time 

interval (e.g. 15 minutes), and the TMP is monitored and recorded. For consecutive 

steps, the flux is increased by a certain value (this flux step can be 5 L/m
2
h, 10 

L/m
2
h, etc) and the TMP is again monitored. The flux stepping is repeated till a 

noticeable TMP increase rate, (ȹTMP/ȹt)crit, is observed (Wu, et al. 1999). This 

procedure is schematically depicted in Figure  2.4. 

There are differences between the standards which have been used by different 

researchers to determine the critical flux by flux stepping. These differences include 

the variations of the time intervals, flux steps and the determination of the critical 

TMP increase rate (Bacchin, et al. 2006; Cho and Fane 2002; Le Clech, et al. 2003). 
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Figure  2.4 Determination of critical flux using flux stepping method. 

2.2.3.2 Direct Observation through the Membrane (DOTM) 

By using high porosity membranes with straight pores (that makes the membrane 

transparent when it is wet), it is possible to observe the particle deposition and 

movement close to surface through the membrane (Li, et al. 1998; Li, et al. 2003). 

In this case, it is possible to estimate the critical flux by observing the particlesô 

deposition on the membrane. In other words, the critical flux is the highest flux 

before a noticeable deposition can be observed. An example of estimating the 

critical flux by DOTM is shown in Figure  2.5. In this figure, Li and co-workers 

monitored the particlesô deposition in different fluxes during the filtration of latex 

particles with diameter of 12 ɛm in a crossflow channel with constant crossflow 

velocity (CFV) of 0.4 m/s. They concluded that the fluxes of 35 L/m
2
h and 45 

L/m
2
h were under the critical flux, since no noticeable deposition occurred in these 

fluxes, and 51 L/m
2
h was near or at the critical flux (Li, et al. 1998). 
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Figure  2.5 Estimating critical flux by monitoring the particle deposition using DOTM 

performed by Li, et al. (1998). 

2.2.3.3 Mass Balance 

The mass balance method for the determination of critical flux is based on the fact 

that the particlesô deposition rate (dm/dt) in a filtration process equals to zero for 

fluxes below the critical flux (Kwon, et al. 2000). Above the critical flux, it has 

been shown that the particle deposition rate is proportional to the difference of the 
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flux and critical flux (J-Jcrit), feed concentration (cb) and membrane area (A) 

(Chong, et al. 2008; Knutsen and Davis 2006; Zhang, et al. 2006). This can be 

summarized in the general form of (Zhang, et al. 2010): 

Ὠά

Ὠὸ
Ὧὧ ὐ ὐ ὃ 

(2.1) 

Equation (2.1) implies that if we plot the deposition rate (dm/dt) versus the flux (J), 

then the flux axis intercept of the regression line can be considered as the critical 

flux (Figure  2.6). 

 

Figure  2.6 Determination of critical flux using mass balance method. 

2.3 Mass Transfer in Pressure Driven Membrane Filtration 

The permeate flux J in a pressure driven membrane is related to the TMP and total 

resistance of the membrane Rt by the Darcyôs law (Mulder 1996): 

ὐ
Ὕὓὖ

‘Ὑ
 

(2.2) 
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where ɛ is the viscosity. Rt can be written as the sum of the clean membrane 

resistance Rm and the resistance due to fouling Rf as follows: 

Ὑ Ὑ Ὑ (2.3) 

In general, different types of fouling exist. Two main classes of fouling are internal 

and external fouling. Internal fouling occurs when the particles are smaller than 

membrane pores. These particles can narrow the pores by absorbing to the poresô 

wall or they may plug the holes totally. On the other hand, external fouling can arise 

from the cake or gel formation, and pore blocking and deposition can occur on the 

surface of the membrane. 

2.4 Hydrodynamics in Membrane Processes 

Due to the rejection of particles by the membrane, the concentration of rejected 

particles rises near the membrane surface. This phenomenon is known as 

concentration polarization (CP). CP is more severe in low pressure membrane 

applications because of the relatively high permeate flux compared to reverse 

osmosis (RO) and nanofiltration processes. CP is one of the most important factors 

that can induce fouling. Therefore, it is essential to lower the CP intensity by means 

of the hydrodynamics in the filtration system. 

The hydrodynamics related to the low pressure membrane applications can be 

categorized into two different areas: 

1- The first area relates to the macro hydrodynamics of the system. For 

instance, the shear rate on the membrane surface (one of the most important 
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parameters in the membrane filtration systems) should be determined by 

means of analytical and experimental methods. Also, The washing or 

secondary flows, which are effective toward reducing CP, should be studied. 

2- The second area relates to the micro hydrodynamics, or the interaction of 

particles and fluid near the membrane surface. This can help understand how 

the back transport of particles from the membrane surface occurs. 

Here, we review some of the existing models and experimental methods for the 

study of hydrodynamics in the membrane processes. 

2.4.1 Concentration Polarization (CP) Concept 

Membranes are used for the filtration of solutions, colloids and suspensions 

(generally consist of fluid (liquid) and particles (solid) phase). The particles can be 

rejected partially (0< cp<< cb) or completely (cp=0), where cp and cb are the particle 

concentration values in the permeate and feed side, respectively. In a steady 

situation, the concentration of particles reaches its maximum value at the surface 

(cw) and declines to the feed concentration value (cb) through a concentration 

boundary layer with a thickness (ŭc) as shown in Figure  2.7. In the concentration 

boundary layer, for a membrane with 100% rejection (cp=0), the convective flux of 

the particles to the membrane (J c) should be equal to the back transport of the 

particles to the bulk flow due to diffusion. The diffusive flux is -D Öc/Öx which D is 

the diffusion coefficient of the particles and x is the direction normal to the 

membrane surface (Figure  2.7). Therefore, the governing equation in the 

concentration boundary layer and the boundary conditions can be formulated as 

follows (Bowen and Jenner 1995; Mulder 1996): 
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(2.4) 

ὧ ὧ    ὥὸ ὼ π (2.5) 

ὧ ὧ    ὥὸ ὼ  (2.6) ‏

Integrating Equation (2.4) over the concentration boundary layer (i.e. from x=0 to 

x=ŭc), yields: 

ὧ

ὧ
Ὡ  

(2.7) 

where k is the mass transfer coefficient, defined as: 

Ὧ
Ὀ
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(2.8) 

 

Figure  2.7 Schematic diagram of CP in a steady state membrane filtration process. 

The mass transfer coefficient (k) is the ratio of the diffusion coefficient (D) to the 

concentration boundary layer thickness (ŭc). To reduce the CP effect, it is necessary 
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to minimize the concentration of particles at the membrane surface (cw). Based on 

Equation (2.7), k should be increased to reduce cw. For this purpose, either ŭc should 

be decreased or D should be increased.  

In the membrane processes ŭc is a function of the hydrodynamics of the system 

(Belfort and Nagata 1985; Gekas and Hallström 1990). The effect of 

hydrodynamics on the mass transfer coefficient (k), for a crossflow channel, is 

usually presented in the form of a correlation between three non dimensional 

groups: Sherwood number (Sh=kdh/D), Reynolds number (Re=udh/ɜ) and Schmidt 

number (Sc=ɜ/D), where u is the velocity of the bulk flow, ɜ is kinematic viscosity 

of the fluid and dh is the hydraulic diameter of the channel. This correlation is 

(Mulder 1996): 

ὛὬ ὥ ὙὩὛὧ
Ὠ
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(2.9) 

where L is the channel length. Empirical values for the constants (a, b, c and d) are 

available for laminar (Porter 1972) and turbulent flows (Gekas and Hallström 1987) 

in the literature.   

There are also many mechanisms to model the diffusion of particles in the filtration 

systems (in other words, to determine the diffusion coefficient D). The common 

mechanisms will be reviewed in the next section.  

2.4.2 Particles Back Transport Mechanisms 

Many theoretical models have been developed to predict the concentration 

polarization and steady flux in cross-flow microfiltration processes. For dead end 
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filtration processes, the only mechanism of particle back transport is Brownian 

diffusion, which should be negligible compared to the convective migration of the 

particles toward the membrane (due to the permeate flux). As mentioned before, the 

tangential flow of the feed in cross flow filtration removes the particles from the 

membrane surface. In other words, the tangential flow induces a back transport of 

particles. The particle back transport in cross flow filtration has been described by 

means of different mechanisms such as Brownian diffusion, shear induced diffusion 

and inertial lift (Belfort, et al. 1994). Based on the definition of critical flux, it can 

be concluded that the critical flux occurs when the particles back transport is in 

balance with the convective migration of particles toward the membrane. 

2.4.2.1 Brownian Diffusion Model  

The Brownian diffusion model is a mechanism of particle back transport which is 

dominant with submicron particles and lower ranges of shear rate. The Brownian 

diffusivity D0 of particles, which is a function of temperature T, can be calculated 

by Einstein-Sutherland equation (Belfort, et al. 1994): 

Ὀ
Ὧ Ὕ

Ὢ
 

(2.10) 

where k is the Boltzmannôs constant (1.38 x 10
-23

 J/mol K) and f (kg/s mol) is the 

frictional coefficient of the particle, which can be calculated by Stokes law for a 

laminar flow as: 

Ὢ φ “ ‘ ὥ   (2.11) 
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where a is the radius of the particles and ɋ (Ò1 and equals to 1 for spherical 

particles) is a correcting factor for fractal shape particles (Veerapaneni and Wiesner 

1996). 

According to the Brownian diffusion model, the steady state flux (J) will be reached 

when the particles that are transported toward the membrane by convection, are 

balanced with the particles that diffuse away from the membrane and pass the 

membrane due to the tangential flow. By integration of this convective-diffusive 

flow across the membrane length, the steady flow is achieved as follows (Porter 

1972): 

ὐ πȢψρ
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(2.12) 

L indicates the membrane length, ɔw and ūw are the shear rate and particle volume 

fraction at the edge of the cake layer respectively and ūb is the particle volume 

fraction at the bulk suspension. Substituting Equations (2.10) and (2.11) in Equation 

(2.12), the steady state flux predicted by Brownian diffusion model is obtained as 

follows: 
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(2.13) 

2.4.2.2 Shear-Induced Diffusion Model 

It was observed that the steady state flux for cross flow filtration with micron sized 

particles and intermediate range of shear rate, is noticeably higher than the flux 

predicted by Brownian diffusion model (Equation (2.13)) (Porter 1972). To explain 
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this disagreement between the experimental results and model predictions, the 

shear-induced diffusion model was proposed by Zydney and Colton (1986). This 

model is based on the fact that particles have a tendency to migrate from layers with 

higher shear rate to layers with lower shear rate in a flow. As a result, the shear-

induced diffusion coefficient Ds is a function of shear rate ɔ and particlesô radius a. 

A general relationship has been proposed to calculate the Ds (Eckstein, et al. 1977; 

Li, et al. 2000; Zydney and Colton 1986) as: 

Ὀ

ὥ‎
ὧ 

(2.14) 

In this relation, c is a constant value that depends on the volumetric concentration of 

particles (ū). An estimation of Ds was proposed by Zydney and Colton (1986) for a 

bulk flow concentration ūb between 0.2 and 0.45 as: 

Ὀ πȢπσ ‎ ὥ (2.15) 

Equation (2.15) can be substituted in Equation (2.12) in order to predict the steady 

state flux based on the shear-induced diffusion model. 

2.4.2.3 Inertial Lift Mechanism  

Another approach to model the reverse transport of particles from the surface is to 

determine the lift force (FL) that is induced on an individual particle due to the 

existing shear rate near the surface of the membrane (Drew, et al. 1991; 

McLaughlin 1991; McLaughlin 1993; Rubin 1977). In this approach, a typical 

relation is used to predict this force as: 
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Ὂ Ὢ‎ ȟὥȟ”ȟ‘ (2.16) 

This force is usually compared with other forces such as the drag force (FD) due to 

the filtration flux and adhesion force (FAd) that is caused by electrostatic forces, 

van-der-Waals interactions and steric effects (Ripperger and Altmann 2002). 

Ὂ Ὂ Ὂ  (2.17) 

In this equation, Fd is the total deposition force that is induced to a particle. To 

calculate FD, the Stokes law for laminar flow can be applied: 

Ὂ φ “ ‘ ὥ ὺ   (2.18) 

vf is the flow velocity normal to the surface caused by filtration flux. The forces 

discussed in Equation (2.17) are shown schematically in Figure  2.8. 

 

Figure  2.8 Forces acting on a particle near the surface of membrane in a filtration system 

(Ripperger and Altmann 2002). 
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It is possible to calculate the critical flux theoretically by the inertial lift model. The 

critical flux can be considered as the flux in which Fd is counterbalanced by FL on a 

particle.  

2.4.3 Numerical Approaches 

With the performance of computers improving significantly day by day, a great deal 

of interest has been shown in using numerical approaches or computational fluid 

dynamics (CFD) to simulate the fluid systems in the membrane applications.  Most 

of these simulations have been performed under laminar conditions, though a 

substantial number of studies have dealt with turbulent conditions (Ghidossi, et al. 

2006). 

The main purpose of CFD simulations is to investigate the hydrodynamics of 

membrane systems. Researchers have used CFD to obtain different hydrodynamic 

parameters in the membrane systems such as the induced shear stresses on the 

membrane surface, friction loss of the flow passing the membrane module, mixing 

characteristic of the membrane reactor (like Residence time distribution, RTD), etc. 

Moreover, CFD can be employed to simulate the hydrodynamics in different kinds 

of membrane systems like crossflow channels, membrane bioreactors (MBRs) with 

or without air sparging, vibrating membranes, etc. (Ghidossi, et al. 2006). 

Joshi (2001) reviewed comprehensively the past studies on turbulent three-

dimensional (3-D) two phase flow in bubble column systems (that are very 

important in MBR applications). Since then, many efforts have been made to 

simulate two-phase (air-water) flows in membrane systems with aeration 
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(Buetehorn, et al. 2011). A complicated simulation of single- and two-phase flows 

in a submerged hollow fibre system with an irregular moving fibre arrangement at 

different height of the column (achieved by computer tomography (CT) scan) was 

performed by Buetehorn, et al. (2011). They considered fluid-structure interactions 

(FSIs) in their study and found that the regions with higher porosity have higher 

velocity and lower turbulent local viscosity. Figure  2.1 shows the instantaneous 

map of fibres in the different heights of the bubbling column taken by a CT scan. 

 

Figure  2.9 CT scan of fibres arrangement at different heights in the bubbling column 

(Buetehorn, et al. 2011). 

RTD is an effective quantity to measure the mixing and consequently, the 

biodegradation rate in a membrane plant. Brannock, et al. (2010) used CFD to 

obtain RTD within two full-scale MBR plants. They found a close agreement 

between the experimental and simulated results. 

The shear rate (and shear stress) on the membrane surface is one of the most 

important factors that can influence the fouling and CP in any membrane process. 

Since there are only a few experimental techniques to estimate the shear rate on the 

membrane surface (which are usually expensive and complicated), most researchers 
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prefer to calculate the shear rate analytically or numerically (CFD) (Ghidossi, et al. 

2006). 

Different flow patterns and induced shear rate on the membrane surface were 

studied using CFD in a membrane channel with 12 different structures of spacers 

(Santos, et al. 2007). The results were used to design an optimum alignment of 

spacers in the channel. Sarkar, et al. (2012) simulated the hydrodynamics inside a 

novel shear enhancing membrane system, called a spinning basket membrane 

(SBM). They calculated the shear rate and pressure on the membrane surface. To 

date, very few CFD simulations report  the hydrodynamics of vibrating membrane 

systems. Ahmad, et al. (2010) performed three-dimensional unsteady CFD 

simulations for a vibrating membrane channel and obtained the shear rate and 

velocity profile in the channel. As a result they could distinguish five types of 

velocity profile in a vibrating channel: Poiseuille flow (Figure  2.10a), Couetteï

Poiseuille flow (Figure  2.10b), plug flow (Figure  2.10c), VSEP flow (Figure  2.10d) 

and opposite-direction CouetteïPoiseuille flow (Figure  2.10e).  

  

Figure  2.10 Different types of velocity profile in a vibrating membrane channel (Ahmad, et 

al. 2010). 
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However, the CFD modeling for vibrating hollow fibres bundles, which can 

determine the effect of different geometrical configurations on the hydrodynamic 

flow around the fibres, has not been reported so far.  In the present study, the CFD 

modeling for a vibrating fibre bundle is performed for two different configurations 

of fibres: in-line and staggered. The results of CFD modeling are described in the 

following chapters. 

2.4.4 Particle Image Velocimetry (PIV) 

To study the hydrodynamics of a membrane process experimentally, it is essential 

to monitor the different hydrodynamic parameters of the process when it is 

operating. Many non-invasive techniques have been developed to do so (Chen, et al. 

2004).  Optical techniques like DOTM (Hodgson, et al. 1993), electrochemical 

methods (Miyagi, et al. 2000), constant temperature anemometry (CTA) (Le-Clech, 

et al. 2006) and impedance spectroscopy (Coster, et al. 1996) are examples of these 

methods. Particle image velocimetry (PIV) has also been used as a non-invasive 

method in membrane applications (Yeo, et al. 2006). 

PIV can be used to measure 2D real-time velocity fields. To perform PIV, three 

main components are needed: laser sheet, seeding particles and digital camera. To 

generate the laser sheet, the laser beam (commonly emitted by Nd:YAG type lasers) 

should be reshaped to a sheet shape by a cylindrical lens as shown in Figure  2.11. 

Seeding particles should be able to follow the flow and scatter the laser light so that 

the particles can be distinguishable in images taken by the digital camera. 
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The PIV operation is illustrated in Figure  2.11. The target area is divided to several 

sub-section areas or interrogation areas (IAs). The displacement and consequently 

the velocity of seeding particles are measured by cross-correlating of the images of 

particles in each IA between two pulses of lasers (with a certain time intervals ȹt). 

PIV has been used to study the flow and measure the shear rate on the flat plate and 

rotating membranes (Gaucher, et al. 2002). Wereley and co-workers used PIV to 

study the hydrodynamics of a rotating membrane system. They used two different 

types of seeding particles: smaller particles with diameters in the range of 10-25 

microns, and bigger particles with diameters of 150 to 300 microns. They assumed 

that the smaller particles would follow the flow with a good degree of accuracy, 

whereas the bigger particles might slip relative to the flow. They found that the slip 

velocity between big particles and flow can be neglected since the difference 

between the velocity fields which are achieved by using two different particle types 

was almost zero (Wereley, et al. 2002). 

 

Figure  2.11 The principles of the PIV operation (DantecDynamics 2012). 

PIV was used in submerged hollow fibre membrane systems for measuring the 

shear rate and finding the flow pattern in a bundle of fibres with air sparging by 
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Yeo, et al. (2007). It was also used to determine the intensity of turbulence in 

different membrane applications such as crossflow filtration with turbulence 

promoter (Gimmelshtein and Semiat 2005) and vibrating submerged hollow fibre 

membranes (Li, et al. 2013). 

2.5 MBR Systems 

In an aerobic biological process, organic substances biodegrade into basic 

compounds such as water, CO2, NH4
+
, etc. The biological cells involved in this 

biodegradation are called biomass or activated sludge. The amount of biomass 

increases due to the biodegradation. Therefore, a secondary clarification is needed 

to separate the sludge from the mixture. In conventional activated sludge processes, 

this clarification is done by settling tanks (Figure  2.12). A larger volume settling 

tank can lead to a better sludge separation. On the other hand, using tanks with a 

larger volume requires more space and equipments and therefore it is more costly 

(Tchobanoglous, et al. 2003).  

 

Figure  2.12 Schematic of a conventional activated sludge process. 
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To overcome the space shortage and achieve higher quality treated water, 

membrane filtration system can be used as an alternative to the clarification tank 

system. The membrane filtration systems which integrate the biological degradation 

and membrane separation are known as membrane bioreactors (MBRs). The 

membrane can retain the sludge totally; therefore, higher quality water can be 

achieved by MBRs rather than conventional activated sludge systems (Johir, et al. 

2012; Muller, et al. 1995). Since higher sludge concentration can be employed in 

MBRs, a low food to biomass ratio can be sustained; consequently, lower (up to 

50% less) sludge production can be achieved (Ghyoot and Verstraete 2000; 

Mayhew and Stephenson 1998). In terms of chemical oxygen demand (COD), total 

suspended solids (TSS) and turbidity treatment, MBR systems have shown high 

efficiencies in municipal and industrial applications (Chang and Kim 2005; Ng and 

Hermanowicz 2005). 

Two main configurations exist for MBRs: the cross flow (side-stream) 

configuration and the now more commercial submerged configuration (Figure 

 2.13). In the cross flow configuration, the membrane module is located out of the 

aeration tank and a retentate stream re-circulates to the aeration tank. In the 

submerged configuration, the membrane module is immersed in the aeration tank. 

This configuration was firstly proposed by Yamamoto, et al. (1989). Unlike the 

cross flow configuration, submerged configuration does not need any re-circulation 

pump and only needs a suction pump. As a result, less pumping power is consumed 

in submerged systems (Judd and Judd 2006).          
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Figure  2.13 Different configurations of a MBR: (a) cross flow configuration, and (b) 

submerged configuration. 

2.5.1 Different Types of Submerged MBRS 

Two different modules using in MBR applications are the flat plate submerged 

MBR and hollow fibre submerged MBR. 

Figure  2.14 shows a typical commercial flat plate submerged MBR. For instance, in 

a commercial submerged flat membrane system developed by the environmental 

division of Kubota Corporation in Japan, 150 membrane cartridges with 

approximately 0.8 m
2
 surface area for each plate were placed in a rectangular tank. 

Bubbling was used in order to control the fouling on the membrane surface 

(Churchouse 1997). 

Figure  2.15 shows a typical hollow fibre module used in submerged MBR 

applications. This module is manufactured by Zenon (Cui, et al. 2003). The hollow 

fibres are mounted vertically in this module and the permeate can be taken from 

both ends of the module frame.  
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Figure  2.14 Schematic diagram of a submerged MBR configuration using flat plate 

membranes. 

2.6 Anti -Fouling Techniques for Submerged MBR Systems 

MBR applications usually deal with extremely thick solid suspension fluids. 

Besides, low pressure and consequently high flux membranes (MF and UF) are 

usually employed in MBR systems. As a result, the membranes are highly at risk of 

fouling in these systems. Different techniques can be employed to control the 

fouling in submerged MBR systems. 

These techniques could be categorized into three major methods: chemical, 

electrical and ultrasonic and hydrodynamic methods (Figure  2.16). Chemical 

cleaning, membrane surface modification and feed pre-treatment (chlorination, pH 

adjustment, etc.) are examples of chemical antifouling methods (Fane and Fell 

1987; Fane, et al. 1991; Kuzmenko, et al. 2005).  
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Figure  2.15 A submerged hollow fibre membrane MBR module manufactured by Zenon 

(Cui, et al. 2003).  

The ultrasonic waves can be employed to manipulate the concentration polarization 

layer near the membrane to reduce the fouling (Simon, et al. 2000). They can also 

be used to break the cake structure on the membrane in order to remove the foulants 

from the surface of the membrane (Gonzalez-Avila, et al. 2012). Many attempts to 

diminish the fouling using an electric field have also been reported (Jurado and 

Bellhouse 1994; Mameri, et al. 2001). 

Back-washing (van de Ven, et al. 2008) and back-pulsing (Ning Koh, et al. 2008) 

have been used extensively in submerged hollow fibre membrane systems. 
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Figure  2.16 Classification of anti fouling methods used in MBR applications (Shahnawaz 

2009). 

Using hydrodynamics to induce shear stresses on the membrane surface and also 

producing disturbances and secondary flows is the most common anti fouling 

technique in MBR applications. There are two categories: 

¶ Air sparging (or aeration) 

¶ Dynamic shear enhancing membrane filtration 

Some common kinds of shear enhancing systems are rotating cylindrical membrane, 

rotating disk systems and vibrating membranes (Jaffrin 2008). The scope of this 

study is on vibrating membranes. This technique and also air sparging (as the most 

common technique in MBR systems and for the purpose of comparison) are 

discussed in details in the next sections. 

2.6.1  Aeration 

It has been proven that employing air sparging is an effective strategy to enhance 

the flux (i.e. decrease the fouling) in UF (Bellara, et al. 1996; Li, et al. 1998) and 
























































































































































































































































































































