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ABSTRACT 

Membrane separation has emerged as a cost competitive, viable, and alternative way 

to achieve high quality emuent in comparison to conventional methods for drinking and 

industrial water production and also water reuse. However, membrane fouling, caused by 

deposition of suspended and dissolved solids, results in decreased performance of the 

filtration, especially a decline in permeate flux through the membrane. Membrane fouling 

can be minimized by chemical modification of the membrane surface, periodic 

backwashinglcleaning, and optimum operational conditions. Critical flux, which is 

dermed as the flux below which no fouling occurs, is becoming a crucially important 

concept related to optimum operation. Several methods were used to experimentally 

measure the critical flux, including direct observation through membrane, mass balance, 

and flux-pressure observations. 

In this study, a large-scale Monte Carlo simulation method for crossflow membrane 

filtration to remove particulate materials is developed to investigate dynamic particle 

structures associated with the critical flux. This computational study is performed on a 

parallel computer platform via message passing interface (MPI). Dominant mechanisms 

of particle transport, including Brownian and shear-induced diffusion, are incorporated 
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and unified into an effective hydrodynamic force acting on hard spheres in the 

concentrated shear flow. Biased probability distribution, including tangential and normal 

biases, is used in the Monte Carlo simulations. 

Critical fluxes are frrst visually estimated by observing particle configurations, and 

they are in a good agreement with experimental observations done by multiple 

researchers with various operational conditions. Effects of shear rate and particle size on 

the critical flux are also investigated using this force-biased Monte Carlo simulation 

method, which shows that repulsive particles lead to higher critical flux compared to that 

of hard sphere particles. Variance of the particle distribution is proposed to be an order 

parameter, and its second order derivative is used to estimate the critical flux. The 

simulated critical fluxes are in good agreement with those of experimental results using 

the particle mass balance method. 
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CHAPTER 1. INTRODUCTION 

A shortage of water due to an ever increasing world population and intensified 

demands for agriculture and industry has resulted in wastewater reuse becoming a 

primary source of potable water. Consequently, quality as well as quantity of treated 

water is one of the most serious public concerns. 

The removal of particulate matters, a crucial step in water and wastewater 

treatment, is complicated by the diverse nature of particles, which range from inorganic 

minerals and debris to agglomerates of complex organic substances. For instance, the 

mass of outfall particulates discharged annually into the ocean by the five major southern 

California municipal waste systems is about 2.9x 1 OS metric tons, dry weight. At a 

compaction density of 19/cm3 without void volume, material of this volume would 

constitute a Imm thick blanket if it were spread over the sea-bottom (Kavanaugh and 

Leckie, 1980). 

Apart from suspended matters, many other contaminants are associated with 

particles. For example, the attachment of microorganisms such as bacteria to suspended 



particulates tends to support long bacterial survival because the nutrients, which are 

already absorbed by the particulates, are readily available for bacterial uptake. Parel 

(parel, 1975) found the levels of nutrients to be 10 to 100 times higher on the particulate 

surface than in the surrounding water column. Although particulate matter in the fonn of 

biomass is a necessary prerequisite in many water treatment schemes, particles always 

represent undesired pollutants in most product waters, and the removal of all particulate 

materials is the main goal for water and wastewater treatment. 

Currently, both conventional treatment and membrane systems are being used for 

particulate matter removal from water and wastewater. Conventional treatment plants 

typically consist of coagulation, flocculation, sedimentation, filtration, and disinfection. 

Figure 1.1 shows a process diagram for a typical water treatment plant. Although 

conventional treatment systems outlined in Figure 1.1 can be used to provide good quality 

potable water, the granular media filters represent a probabilistic rather than an absolute 

barrier; consequently, pathogens can still pass through the filters and pose a health risk. 

Driven by the need to protect public health from water borne pathogens, the 

Environmental Protection Agency (EPA) has progressively developed regulations that 

require higher standards for treated water quality to prevent the passage of infectious 

pathogens into the drinking water supply. Conventional treatment processes, however, 
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cannot provide sufficient quality of effiuent for unrestricted use and meet stringent EPA 

standard. 

Compared to conventional treatment, membrane filtration is a promising 

alternative technology. A membrane is an interface between two phases and is capable of 

separating species as a function of their physical and chemical properties when a driving 

force is applied across it. A membrane is generally described as a selective material 

barrier that readily allows solvent transport but efficiently rejects solutes (Mulder, (996). 

In clean water production, the solvent is water and solutes are any undesirable materials 

that need to be removed. 

Membrane filtration is a term used to describe the removal of particulates from 

feedwater. Microfiltration (MF) and Ultrafiltration (UP) are the two processes that are 

most often associated with the term "membrane filtration." MF and UF are characterized 

by their ability to remove suspended or colloidal particles via a sieving mechanism based 

on the size of the membrane pores relative to that of the particulate matter. 

The interest in using MF or UF as pretreatment to reverse osmosis (RO), a 

filtration process that can remove everything, for high-fouling feed water processing 

dates back to the 1980's. However. the MFIUF design was generally dismissed as a 

commercial alternative or supplement to conventional processes due to capital costs. 
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Over the last couple of years, membrane alternatives have drawn increasing interest and 

undergone significant advances, and the use of MF /UF as a water filtration process has 

exploded in the municipal market place. There are several hundred MF /UF systems in 

operation in municipal drinking water systems throughout the world, with total capacities 

exceeding 200 million gallons per day (MGD) (Bergman, 1999). Drivers for this advance 

include not only desalination to combat water scarcity but also the removal of various 

materials from water to comply with increasingly stringent environmental legislation 

such as Giardia and Cryptosporidium removal guidelines for US Surface Water Treatment 

Rule. Innovations in membrane manufacturing and process conditions have led to a 

dramatic decrease in membrane filtration costs, including capital and operating costs. 

Consequently, membrane filtration has emerged as a cost-competitive, viable 

alternate to achieve high quality effluent compared to conventional methods in drinking 

and industrial water production and also in recycling and reuse. Membranes also have the 

advantage of a small footprint for a processing plant. In other words, the required space 

will be considerably reduced after replacing the flocculation and sedimentation basins, 

and granular media filter shown in Figure 1.1 by one membrane filtration unit. Also, 

potential water quality benefits arise because the membranes may block a substantial 

fraction of the small colloids, low molecular weight natural organic matters (NOM), and 
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microorganisms that do not settle and pass through conventional sand filters. Besides, 

membranes have the advantage of reducing chemical requirements since they retain even 

small flocs. In this way, membrane systems provide an effluent that can be more easily 

disinfected and is less likely to produce undesirable disinfection by-products (DBPs). 

However, as a result of the accumulation of particles on the membrane as it 

removes suspended solids. a particle deposit layer called a cake layer will form on the 

membrane surface. Membrane fouling, caused by the deposition of suspended or 

dissolved solids on the external membrane surface, at the membrane pores, or within the 

membrane pores, results in decreased performance. 

Particle deposition, biofouling and scaling are three main types of membrane 

fouling. Pore blocking is a phenomenon wherein particles block pores on the membrane 

surface, while pore plugging refers to pore constriction or solute adsmption on the pore 

walls. Resistance as a consequence of transport, adsorption, and growth of biocolloids is 

called biofouling. Fouling exerts severe limitations to the future growth of membrane 

technology. Scaling, occurring mainly in reverse osmosis (RO) and nanofiltration (NF), 

refers to the deposition of "hard scale" on the membrane due to the concentration of 

sparingly soluble salts (such as BaS04 and MgClz) that exceed the solubility limit. 

Particulate fouling is an especially persistent problem in all membrane filtration 
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processes, and refers to the deposition of suspended matter, colloids, and microorganisms 

on the membrane surface. 

Problems arising from membrane fouling are the main reasons for reduction in 

product water flux or increasing operational pressures to maintain flux, which translates 

into increased operational costs. Membrane cleaning to remove fouling particulate matter 

results in frequent down time and increased energy and chemical use. Wastewater from 

membrane cleaning also adds additional costs. 

It is widely recognized that control of particulate fouling is instrumental in further 

membrane technology advancement and in decreasing costs associated with this process. 

This can only be achieved when fouling mechanisms of feed water are well characterized 

and understood. To understand fouling mechanisms, a pilot plant operation is commonly 

used prior to designing and installing full-scale systems. Although this method generally 

provides a reasonable way to predict particulate fouling in membrane filtration systems, it 

is time consuming, expensive, and sometimes does not represent performance of 

full-scale systems. 

Compared to pilot plant operations or experimental approaches, computer 

modeling is fast and cost-effective. In addition, it provides a better scientific 

understanding with the ability to include practical complications. Due to the availability 
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of faster computers, especially supercomputers and PC clusters, it is possible to build a 

full-scale model of particle transport at a precise microscopic level, which is capable of 

discretely computing each particle displacement individually. The classic methods for 

undertaking rigorous modeling include Brownian Dynamics (Ermak, 1975; Errnak and 

Buckholtz, 1980; Van Gusteren and Berendsen, 1982; Allen, 1980), Molecular Dynamics 

(VerJet, \967) and Monte Carlo Simulation (Allen and TiIdesley. 1987; Manousiouthakis 

and Deem, 1999; Metropolis, et aI., 1953). Chen and Kim (Chen and Kim, 2004) 

provided a copious review of the literature on the attributes of these methods. 

Membrane filtration systems can be classified into dead-end filtration and 

crossflow filtration. Membrane filtration systems operating in dead-end mode utilizing no 

concentrate stream such that there is only one influent and one effluent stream, as shown 

in Figure 1.2, are also called "normal" or "direct" filtration systems. In the dead-end 

mode of operation, contaminants suspended in the feed stream accumulate on the 

membrane surface and are held in place by hydraulic forces acting normal to the 

membrane, forming a cake layer. However, if a scouring force using water and/or air is 

applied parallel to the membrane surface during filtration in a continuous or intermittent 

manner, as illustrated in Figure 1.3, the systems are called crossflow filtration systems. 

Belfort et aI. (Belfort et aI., \ 994) gave a rigorous review about crossflow microfiltration. 
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Compared to dead-end mode filtration, the accumulation of contaminants at the 

surface of the membrane in crossflow filtration is significantly reduced, hence, membrane 

fouling will be relieved to some extent. The crossflow model is a typical configuration in 

membrane filtration. In crossflow filtration the solution is pumped to flow tangentially 

over the membrane surface. The objective of crossflow filtration is to maintain a high 

scouring velocity across the membrane surface to minimize particle deposition and 

membrane fouling. Crossflow membrane processes operate in an unsteady-state manner 

in which suspended solids accumulate on the feed side of membrane over the course of 

filtration cycle, which means that the membrane must be cleaned before it reaches a 

steady state with minute permeate flux. 

For crossflow filtration processes, there are two known modes of operation-

constant transmembrane pressure (IMP) operation and constant flux operation. In 

constant TMP mode, TMP is maintained constant throughout the filtration run, and hence, 

permeate flux decreases with time due to concentration polarization followed by 

membrane fouling. In the constant flux mode, in order to maintain a constant permeate 

flux, TMP becomes a transient variable. 

The goal of this study is to develop a Monte Carlo simulation model using 

constant permeate flux mode to fmd optimum operation conditions, i.e. the optimum 
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penneate flux. Then this model can be extended to a large-scale model to simulate the 

real scenario of crossflow membrane filtration for particulate matters removal. In order to 

present the full-scale scenario of filtration, a large number of calculations are needed, so 

the model is built on a platfonn of parallel computing via Message Passing Interface 

(MPI). 
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CHAPTER 2. LITERATURE REVIEW 

The principle of membrane filtration is shown in Figure 2.1. The membrane acts 

as a very specific filter, which has the capability of allowing the passage of water more 

readily than any solutes. When feed water is pressurized into the membrane channel, 

water flows through and solutes will not. The water passing through the membrane forms 

the permeate flow, which is clean and drinkable, meeting potable water regulations. 

There are various methods enable substances to penetrate a membrane. For 

example, pressure difference, temperature difference, concentration difference, voltage 

and so on. If pressure is applied, most commonly used in water and wastewater filtration, 

it is called pressure driven membrane filtration. 

2.1 Classification of Membrane Filtration 

Pressure-driven membrane processes for water treatment are classified into four 

categories by the size-range of materials separated (AWWAR., 1996). These categories 

are microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis 
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(RO). Each membrane functions as a filter for solute matters of various sizes. Figure 2.2 

shows the schematic representation of MF, UF, NF and RO membrane filtration 

processes. 

MF membranes have the largest pores, ranging from 0.1 pm to 10 pm, and the 

highest permeability, so that a sufficient water flux is obtained at a low pressure. 

Components larger than the pore size are removed by a sieving mechanism. The smallest 

pore sizes correspond to the size of suspended solids, colloids, and bacteria, which are 

retained by a sieving mechanism (Bruggen et aI., 2003). Germs and viruses are not 

removed. There is, however, quite a gap between real practice and this ideal situation. 

MF is a process in which suspended colloids and panicles in the approximate size range 

0.1 to 20 pm are retained by microporous membranes. MF is usually operated at 

relatively low transmembrane pressures «50 psi or 3.5Mpa) and very high permeation 

fluxes (10'" _10-2 m I s for unfouled membranes) (Zeman and Zydney, 1996), and it is 

these factors that distinguish MF from both RO and UF. 

UF membranes have smaller pores (2 to 100 nm), and the permeability is 

considerably lower than in MF, so higher pressures are needed. UF is a process where the 

high molecular weight complexes (HMWC), such as protein, macromolecules, and 

suspended solids are rejected, while all low molecular weight complexes (LMWC) pass 
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through the membrane easily. There is consequently no rejection of mono- and 

di-saccharides, salts, amino acids, organics, inorganic acids or sodium hydroxide (Belfort 

et aI., 1994). A typical application for UF is to remove large dissolved molecules that 

constitute the largest molecules of natural organic material (NOM). 

In NF, the pore sizes are smaller than in UF, typically around 1 nm, which 

corresponds to dissolved compounds with a molecular weight of about 300. This makes 

NF suitable for the removal of relatively small organics, e.g., organic micropollutants and 

color from surface water or groundwater, and degradation products from the effiuent of 

biologically-treated wastewater. Furthermore, NF membranes also have a surface charge, 

which remains in the presence of a feed solution. Therefore, the NF membranes do not 

work according to the principle of a sieving mechanism. The surface charge allows the 

removal of ions with a size below the pore size of the membrane. NF membranes can 

remove multi-valent (e.g., Ca2
+ and sol") ions. 

RO membranes are dense membranes without predefined pores. As a result, 

permeation is slower and rejection is not a result of sieving, but of a solution-diffusion 

mechanism. RO membranes can remove most solutes including mono-valent ions (e.g., 

Na+ and cn. RO is the densest membrane, and only water can pass through it. The low 

permeability of RO membranes requires high pressures and, consequently, high-energy 
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consumption. 

In summary, membrane filtration is a term used to describe the removal of 

particulates from feed water. MF and UP are the two processes that are most often 

associated with the term "membrane filtration." UP and MF membranes remove diverse 

organic materials (which cause water color and odor problems), particulate materials 

(such as nano-sized and colloidal particles), and microorganisms (e.g., viruses, pathogens, 

bacteria, Giardia, and Cryptosporidium, so called biocolloids) via a sieving mechanism 

based on the size of the membrane pores relative to that of the particulate matter. For 

drinking water production, a MF or UF process is often used as pretreatment of a RO or 

NF process (the membranes typically last two or three years with proper operational 

conditions); without pretreatment, the RO or NF membranes are fouled in a short time 

and need to be replaced. NF and RO membranes can be used to desalinate seawater or 

brackish water. 

2.2 Concentration Polarization and Membrane Fouling 

Concentration polarization is the reversible build-up of dissolved or suspended 

solute. This build-up is due to the balance between the convective drag force toward the 

membrane surface and the back diffusion of particles from the region near the membrane 
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surface to the bulk phase. The presence of concentration polarization manifests in 

reduced penneate flux and hence the decrease of effective transmembrane pressure. If 

keep Continually increasing the applied pressure or increasing the penneate flux results 

in the membrane fouling. 

Membrane fouling is dermed as the build-up of materials on the membrane surface, 

such as adsorbed macromolecules, gels or deposited particles, and so on (Khulbe et aI., 

2000). There are several ways in which a membrane can become fouled. These include 

deposition of colloid particulates; precipitation of organic or inorganic materials; 

accumulation and attachment of biological growth; physical or chemical reaction of some 

feedwater components with the membrane surface itself; flocculation of organic or 

inorganic constituents to form large, insoluble polymers that will deposit on the 

membrane. 

Fouling mechanisms include biofouling, organic fouling, inorganic fouling and 

particulate fouling. Membrane fouling may take the following forms: 

• Adsorption: Adsorption occurs when attractive interaction between the membrane 

and the solute or particles exists. A mono-layer of particles and solutes can grow 

even in the absence of penneation flux leading to an additional hydraulic resistance. 
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If the degree of adsorption is concentration dependent, then concentration 

polarization exacerbates the amount of adsorption. 

• Pore blockage: When filtering, pore blockage can occur leading to a reduction in flux 

due to the partial closure of pores. 

• Deposit: Deposited particles can grow layer by layer at the membrane surface 

leading to an additional hydraulic resistance, which is often referred to as a cake 

resistance. 

• Gel: The level of concentration polarization may lead to gel formation for certain 

macromolecules. 

In MF and UF, cake growth is the main reason for membrane fouling. Different 

sizes of particles will form different configurations of cake layer. For monodisperse 

suspensions, small particles (5 -1 Onm ), which form cakes with high specific resistance, 

demonstrate a relatively fast approach to steady state. On the other hand, the time 

required to reach a steady state is the longest for particles favoring accumulation 

(0.1- 0.5pm). 

In crossflow MF, a fairly wide range of colloids and particles, such as colloids and 

bacteria, can lead to rapid membrane fouling. Early representative research works on MF 

membrane fouling include Milisic and Ben Aim (Milisic and Ben, 1986). They tried to 
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identifY the particles and bacteria leading to rapid membrane fouling. Fane and Fell (Fane 

and Fell, 1987) focused on proteins leading to UF membrane fouling. In recent years, 

some researchers focused on the behavior of particle deposition on the MF membrane 

surface via direct observation through the membrane (DOTM) technique (Li et aI., 1998). 

Vilker et al. (Vilker et aI., 1981) studied UF membrane fouling via the optical 

shadowgraph technique. Baker et al. (Baker et aI., 1995) studied the phenomena of NF 

membrane fouling. They studied the characteristics in NF used to treat surface water. In 

recent years, RO has become more popular for water reclamation and pollution control. 

Many researchers have dedicated themselves to studying the RO membrane fouling 

phenomena, transport mechanisms, and developing of membrane fouling models (Baker 

and Carnahan, 1991; Chen et aI., 2004). 

Several practical approaches can be pursued to reduce membrane fouling, among 

which modifYing the chemical characteristic of the membrane surface is a very popular 

topic. The mechanism reduces the attractive forces or increases the repulsive forces 

between the solute and the membrane surface (Kim et aI., 1988; Nystrom and Jarvinen, 

1991; Krameretal..1989). 

Although the effort of modifYing the chemistry of the membrane surface is 

important to the application of membrane, it is not an effective and ultimate approach to 

16 



the membrane fouling problem. Effective cleaning methods are crucial for maintaining 

adequate long-term operation of all pressure-driven membrane processes. For practical 

applications, membrane backwashing is commonly used to recover the permeate flux. 

Backwashing during the membrane filtration process has been found to successfully 

remove most of the reversible components of the foulant layer (Smith, 2005). 

Backwashing also enables the system to operate for longer periods before intensive 

physical and/or chemical cleaning of the membrane is needed. However, determination of 

the interval between two successive backwashes is the key factor to backwash design. If 

the interval is too long, the cake layer on the membrane compacts and becomes 

increasingly difficult to remove during the backwash cycle. However, if the backwash is 

too frequent, it is a waste of energy and will hamper the efficiency of filtration, i.e., 

decreasing the amount of clean water product in a given period. Smith et al. (Smith et aI., 

2006) developed an approach to optimize the backwash, which is considered to be the 

most efficient technique for fouling minimization. 

Although backwash is successful in removing the reversible component of the 

foulant layer, it demands higher energy and will affect the amount of clean water product. 

since down time is inevitable to completely stop the filtration processes and clean the 

membranes using backwashing. Therefore, many researchers investigated the optimum 
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operation condition to minimize the fouling by controlling the penneation rate. 

2.3 Permeate Flux 

Penneate flux, the rate of volumetric flow per unit membrane surface, is an 

important perfonnance parameter in the design, operation, and evaluation of membrane 

filtration processes. The Darcy equation is the most general equation in the literature used 

to detennine penneate flux, which is defined as 

(2.1) 

where I1P is the transmembrane pressure (TMP), f.l is the fluid viscosity, R", the 

membrane resistance and Rc the cake layer resistance, which is further dermed (Kim and 

Yuan, 2005) as 

(2.2) 

(2.3) 

where T, is the specific cake resistance, Oc is the cake layer thickness, a is the 

particle radius, and Q is the Happel's Correction factor dermed as (Happel, 1958) 

H(¢) 
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Happel's Correction factor makes an adjustments to obtain the true hydrodynamic force 

experienced by particles within a porous medium (i.e., cake layer) of monodisperse 

suspensions. 

Quantitative estimation of penneate flux requires consideration of different 

mass-transport mechanisms involved because the fonnation of a cake layer on the 

membrane surface and concentration polarization boundary layer near the membrane 

surface depend on back diffusion phenomena during the filtration process. Various 

theories of particle transport in low-pressure crossflow membrane filtration have been 

proposed over the previous three decades to describe permeate flux in crossflow filtration. 

The major differences in these models are the mechanisms of particle depolarization from 

the membrane region to the bulk flow. Mechanisms of particle transport and fouling in 

membrane filtration include: Brownian diffusion (Blatt et aI., 1970; Porter, 1972), 

shear-induced diffusion (Zydney and Colton, 1986; Davis and Leighton. 1987; Davis and 

Sherwood, 1990; Romero and Davis, 1990), surface transport (Stamatakis and Tien, 

1993), inertial lift (Green and Be1fort, 1980), and concentrated flowing layers (Leonard 

and Vasilieff, 1984). Some reviews on the subject can be found elsewhere (Belfort et aI., 

1994; Bowen and Jenner, 1995; Wiesner and CheUam, 1999; Ripperger and Altmann, 

2002). Sethi and Wiesner (Sethi and Wiesner, 1997) gave a copious review on the 
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literature of these transport mechanisms. 

The back transport mechanisms of small molecular substances, macromolecules 

and colloids are different. Large particles are preferentially back-transported by 

shear-induced diffusion, whereas the transportation of materials with small sizes is 

mainly attributed to Brownian diffusion. 

• Brownian diffusion 

The Brownian diffusion coefficient for spherical particle can be expressed by the 

Stokes-Einstein equation: 

(2.5) 

where a p is the particle radius, k. is Boltzmann's constant, T is the absolute 

temperature, and Po is the dynamic viscosity. Brownian diffusivity is inversely 

proportional to particle size, hence the smaller the particle is, the higher the diffusivity. 

Therefore, Brownian diffusivity is important for the solution of sub-micron particles. 

• Shear-Induced diffusion 

Shear-induced diffusion arises due to the random interactions between particles. 

These collisions between particles induce random movements of the particles' within the 
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streamlines. Eckstein et aI. (Eckstein et aI., 1977) observed that a test particle in a 

suspension of rigid spheres migrated across the bulk streamlines in a unifonn shear field 

produced by a Couette device. They measured the degree of migration and proposed an 

empirical correlation for the diffusion coefficient, D, as a function of shear rate, particle 

size, and suspension concentration: 

D=O.03ya/ 

where t is the shear rate and a p is the particle radius. 

(2.6) 

Ten years later, Leighton and Acrivos (Leighton and Acrivos, 1987) modified the 

expression by considering the particle concentration factor 

(2.7) 

where ¢ is the particle volume fraction and D{¢} is the dimensionless diffusivity, 

which can be expressed as 

D{¢} = ~¢2 [I + O.5exp{8.8¢}] (2.8) 

Therefore, when shear rate is increased, the particle back diffusion is enhanced 

accordingly. The degree of membrane fouling decreases, hence, the penneate flux 

increases. 

Membrane fouling is related to the mechanisms of mass transport. When the back 

diffusion of particles increases, the degree of membrane fouling decreases. In crossflow 
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membrane filtration, particle deposition onto the membrane surface results from the drag 

force of the permeate flux. Therefore, permeate flux can be used as a design parameter to 

control membrane fouling. When the filtration is operated below a certain value of 

permeate flux, denoted as critical flux, membrane fouling can become negligible. 

2.4 Critical Flux 

According to an instructive review by Bacchin et a!. (Bacchin et a!., 2006), 10-20 

papers related to the concept of critical flux were produced per year in recent years, and 

research in this area is still expanding. Presently, this concept is one of the most 

important dealing with fouling, which is not only demonstrated by the number of research 

papers produced per year, but also determined by the significance of the concept of 

critical flux itself. Critical flux is commonly coupled to the operation time to evaluate the 

actual flux "sustainability". 

Critical flux is defmed in two ways. One way is to define it as the flux at which 

the transmembrane pressure starts to deviate from the pure water line, and/or the first flux 

for which irreversible fouling appears on the membrane surface. This is also called the 

strong form of critical flux. The other one is called the weak form, which assumes rapid 

initial fouling, bringing forth the relationship of flux versus transmembrane pressure 
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which will be located below the pure water line with a different slope. In general. critical 

flux can be defined as the "first" permeate flux at which fouling becomes noticeable. 

Practically. it can be defmed as the borderline between non-deposition conditions and 

fouling conditions. 

Early in the 19805. some researchers suggested that low permeate flux can be 

used to control membrane fouling. This idea is the critical flux defined by Bacchin et at. 

(Bacchin et al.. 1995). For a given suspension. the critical flux should be equal to the 

corresponding clean water flux at the same transmembrane pressure since it is defined as 

the permeate flux when fouling is negligible (Wu, 1999). Several methods can be used to 

determine the permeate flux value: direct observation through the membrane (DOTM). 

mass balance. flux-pressure observation. and so on. 

2.4.1 Direct Observation through the Membrane (DOTM) 

In DOTM. a microscope is used to observe the phenomena of particle deposition 

onto the membrane surface. Li et at. (Li et al.. 1998) use a MF membrane. which is 

transparent when wet, in a crossflow test cell designed to allow optical observation 

through the membrane. They demonstrated that DOTM is a powerful technique for the 

study of particle deposition and interactions between the particles and the membrane 
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surface. Li et al. detennined the critical flux of MF processes. The particles used in their 

experiments included yeast (mean diameter 5 pm) and latex beads (3, 6.4 and 12 pm). Li 

et aI. (Li et aI., 2000) applied the same technique to monitor the super-micron particles 

(3-12 pm) on MF membranes to identifY the critical flux as a function of crossflow. 

Zhang et al. (Zhang et aI., 2006) used this method to determine the critical flux of 

single-sized latex particles (3.0, 5.0 and 10.0 pm) and mixed suspensions (3.0+5.0, 

5.0+10.0 and 3.0+10.0 pm) during crossflow MF. Notably, the critical flux of 

single-sized particles was consistent with past studies in the literature. Therefore, the 

observation value of critical flux is instructive in optimizing the membrane filtration 

system. 

2.4.2 Mass Bltmce 

In this method, the passive adsorption of particles at no flux was measured and then 

any additional reduction of particles in the effluent was attributed to the deposition onto 

the membrane surface. In the research work of Kwon et al. (Kwon et aI., 2000), a graph 

of flux against deposition rate was plotted after the deposition rate was determined using 

several fluxes. The critical flux was found by extrapolation. Gesan-Guiziou et al. 

(Gesan-Guiziou et aI., 2002) found the critical flux of latex particles by combining the 
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mass balance and transmembrane pressure stepping method. In the work of Bowen et aI. 

(Bowen et aI., 2002), the same technique was used, i.e., they also plotted the deposition 

rate vs. the flux, then the extrapolation method was used to determine their critical flux. 

2.4.3 Flux-Pressure Observation 

In practical application, the critical flux value can be obtained from flux or 

pressure stepping tests. In these experiments. the critical flux can be determined either by 

imposing a pressure and measuring the flux, or measuring the pressure by imposing a 

flux. For both modes, the critical flux is the point where the flux-TMP relationship 

becomes non-linear. For the constant pressure method, the key point is to make sure the 

initial flux is lower than the critical flux. According to the research work of Miclent et al. 

(Miclent et aI., 2001). critical flux is a function of crossflow velocity. When the velocity 

is 3m / sec. critical flux is 2011 m2 h (5.5 pm / sec); when the velocity is 4m / sec , 

critical flux is 50/ I m2 h (13.8 pm I sec ). 

The flux stepping experiment is commonly used to determine the critical flux 

(Kwon et aI .• 2000; Manttari and Nystrom, 2000). There are two types experiments for 

flux stepping technique. One is to set the flux steps as a series of increasing flux step. The 

other one is to set the flux steps as a series of up-and-down flux steps. Stepping flux 
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method and stepping TMP method have different advantages and disadvantages, which 

can be seen in the description of next section, since the basic difference of these two 

methods lie in the constant TMP and constant flux operation modes. 

Indeed, all of the methods of measuring critical flux only detect that the fouling 

rate is below a threshold of sensitivity for the method and the time scale used. This point 

needs to be kept in mind especially for those applications (e.g. water treatment) where the 

operating period between membrane cleaning can be long and/or a sudden change is 

suspected. 

2.5 Constant TMP and Constant Flux Modes 

Crossflow membrane filtration can be performed under conditions of either 

constant transmembrane pressure (TMP) or constant flux, which can be seen from 

Darcy's law. When TMP is constant, the membrane filtration is called constant TMP 

mode. In this mode, TMP is maintained constant throughout the filtration process. 

Therefore, the permeate flux decreases with time due to increased cake resistance. The 

TMP should remain constant with time, as any increase indicates fouling and therefore 

that the critical flux has been exceeded. Ideally, the total resistance should be calculated 

at each step to check whether the resistance has remained constant. 
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On the other hand, when penneate flux is constant, penneate flux is maintained 

constant throughout the filtration process. Increased applied pressure is required with 

time in order to maintain a constant penneate flux. Constant flux operation (with 

measurement of TMP) is readily achieved by pumping the penneate. These two modes 

have advantages and disadvantages. 

For the conventional constant TMP mode of operation, the limitation is the 

changing conditions due to changing flux with time. However, constant TMP allows 

detennination of a steady state flux (the filtration system is self regulated, as fouling 

decreases the flux thus reducing the rate of fouling), which leads to reliable results with 

no time dependence (if a sufficient duration for each pressure step is used). With this 

method, the steady state flux and then the steady state hydraulic resistance can be easily 

determined using Darcy's equation. 

For constant flux experiments, with the presence of fouling phenomenon, a 

continuously increasing pressure with running time is requisite because of a (quasi) 

constant fouling rate. This method is able to detennine the fouling rate. which is defined 

as the variation of the resistance with time for a fIXed flux experiment. The dynamic data 

from the constant flux experiment allows one to have an idea about the sustainability of 

the process. This mode offers better control over the flow since the flow towards the 
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membrane is constant throughout the run. Another important aspect of constant flux 

operation is related to the concept of critical flux (Field, 1995; Wu, 1995; Howell, 1995). 

as described in the previous section of critical flux. Therefore, it is possible to obtain 

operation systems without fouling. 

In general, constant pressure experiments can be recommended when working 

with suspensions containing components that show little tendency to adsorb onto the 

membrane. because steady state permeate fluxes will be achieved. On the other hand, it is 

easier for constant flux experiments to reveal fouling phenomenon as steady state fluxes 

may not be achievable. A flux may appear to be steady over a short time scale, but in 

reality, it may take a few days or weeks for the system to reach a steady state. 

Gesan-Guiziou et al. (Gesan-Guiziou et aI., 2002) used constant pressure 

experiments to determine the critical flux. An indication of fouling is then given by flux 

decline. So with certain feeds, permeate pumping is not essential, but for very sensitive 

determinations of critical flux constant flux operation is recommended because the 

sensitivity of the TMP measurement allows small changes due to any trace fouling to be 

detected. 
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2.6 Membrane Filtration Simulation 

Numerical model is a fast and cost-effective way to gain a holistic understanding 

about membrane filtration processes. A traditional model or mathematical model, founded 

upon the generic principle, is commonly used to investigate the membrane filtration 

mechanism. This type of model focuses on the macroscopic phenomena of membrane 

filtration by integral methods. In general, parameters characterizing the physical 

processes are input into the governing equation. Kleinstreuer and Belfort (Kleinstreuer 

and Belfort, 1984) gave a good summary about the governing equations used in the 

membrane filtration. Then the governing equation is integrated by making many 

simplifYing assumptions to produce a practical model used for design or prediction of 

performance. 

2.6.1 Conventional Mathematical Model 

Many authors focused on this research field, including the modeling of fluid flow 

in the membrane channel, mass transport mechanisms models, models used for predicting 

the permeate flux decline, concentration polarization models, cake layer formation 

models, models used for the measurement of critical flux, models for simulating 

membrane fouling mechanisms, and so on. Researchers developed mathematical models 
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for almost all these areas. 

The fluid flow model is an important key in the development of membrane 

filtration processes because fluid flow provides the ambient environment for the whole 

system. Early in the 1950's, Bennan (Bennan, 1953) and Yuan and Finkelstein (Yuan and 

Finkelstein, 1956) used the perturbation theory to analyze 2-D flow in porous mediums. 

In order to make the problem tractable, some approximation assumptions are necessary, 

such as steady-state operation, incompressible fluid, laminar flow, fully developed 

parabolic flow, and uniform permeation flux along the flow channel. Most of these 

assumptions are too restrictive for practical applications. Therefore, many attempts have 

been made in order to reduce the number of assumptions. Belfort (Belfort, 1986) gave a 

detailed summary about these efforts. In 1994, Belfort (Belfort, 1994) provided a good 

review on this topic. 

Mass transport is the basis for any permeate flux prediction model and fouling 

mechanism model. Concentration polarization model or film theory can be used to 

predict the steady state MF flux. At steady state, the convection of particles toward the 

membrane is balanced by diffusion away from the membrane and their convection toward 

the channel exit by crossflow. Porter (porter, 1972) integrated the one-dimensional 

convection-diffusion equation across the polarization boundary: 
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(2.9) 

where J is the penneate flux, Pwand P. are the particle volume fractions at the edge 

of the cake layer and in the bulk suspension, respectively, kf is a mass transfer 

coefficient dependent on the membrane channel dimension, particle diifusivity, and shear 

rate. For solutions with smaller particles, e.g. sub-micron particles, Brownian diffusivity 

is dominant. Later, researchers modified this mathematical model by including the 

diffusion coefficient. But the prediction was not complete until the shear-induced 

diffusion, inertial lift, and surface transport were introduced to modify the conventional 

numerical model. 

Mathematical models focused on predicting penneate flux decline include the work 

by Kozinski and Lightfoolt (Kozinski and Lightfoolt, 1972). They developed a theoretical 

model for predicting penneate flux using a rotating disk UF membrane that included 

concentration dependent diffusivity and viscosity. Later, as more and more fonnulated 

models were developed, all of these models contributed to a better understanding about 

membrane filtration. In 1982, Hermia (Hennia, 1982) developed a model used to predict 

penneate flux decline, which is one of the models obtained from conventional filtration 

theory. In 1995, Bowen and Jenner (Bowen and Jenner, 1995) wrote a good review paper, 
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which presented an assessment of the existing filtration models for colloidal and fine 

particle dispersions with emphasis on their qualitative and quantitative predictive 

capability, scientific basis, and limitations. The model developed by Duclos-Orsello et aI. 

(Duclos-Orsello et aI., 2006) included all three classic membrane fouling mechanisms, 

(pore blockage, pore constriction, and cake formation), to describe flux decline behavior 

during the MF process. Kanani and Ghosh (Kanani and Ghosh, 2007) developed a model 

used for predicting the permeate flux decline for constant pressure UF, which considered 

the interplay between permeate flux, concentration polarization, and membrane fouling. 

Since 1995, when critical flux was first defined by Field and Wu (Field and Wu, 

1995) and Howell (Howell, 1995), more and more researchers have turned their attention 

to modeling of critical flux. In 2002, Ho and Zydney (Ho and Zydney, 2002) developed a 

mathematical model to describe the change in 1MP during constant flux MF. Their 

simulations provided important insights into the design and operation of constant flux MF 

processes. However, according to the definition of critical flux, the forces pushing the 

particles towards the membrane exactly balance the back transport forces that push the 

particles away from the membrane. Without considering the electrostatic interactions, the 

back transport mechanism could be inertial lift or shear-induced diffusion depending on 

the particle size. Therefore, most of the research work on the critical flux model is based 
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on the advances in mass transport mechanism. 

In the last three decades, numerous advances have been achieved in the modeling 

of membrane filtration mechanisms. Mathematical models together with experiments are 

the foundation of the development of membrane filtration processes. However, fouling 

mechanisms, parameters that may lead to the decline of permeate flux, and the 

interrelation among these parameters are still areas with high expectations and 

insufficient results. Due to the need for a large number of computations, many 

approximations must be made in order to get a numerical solution to the governing 

equations. Compared to these theoretical mathematical models, Computational Fluid 

Dynamics (CFD) yields a more precise solution to help understand these complex 

processes by reducing the number of approximations. 

Computational Fluid Dynamics (CFD), a software model, is an important tool 

used for developing the movement of particles in a membrane filtration system. It allows 

the modeling of many situations provided suitable computing power is available. The 

computations for the movement of the particle in a membrane filtration system will take 

into account the flow, the bulk region of the membrane channel, boundary layer, transport 

mechanisms, and the electrostatic. chemical and physical interactions at the membrane 

surface. All of these processes are interdependent and non-linear. CFD combines these 
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processes to perform numerical simulations. 

Many authors (Fimbres-Weihs and Wiley, 2007; Ghidossi et aI., 2006; Ranade and 

Kumar, 2006; Rahimi et aI., 2005) used CFD software packages to investigate the mass 

transport within the membrane channel to predict the permeate flux. Other authors 

(Santos et aI., 2007) are interested in the simulation of flow conditions, and they used 

CFD to calculate the flow and concentration fields in side membrane module channels. 

Their computational results gave excellent agreement with experimental results. Bacchin 

et al. (Bacchin et aI., 2006) developed a numerical simulation using CFD modeling to 

investigate the critical flux for colloidal dispersion filtration. Schwinge et aI. (Schwinge 

et aI., 2002) used CFD to investigate the effect of spacer filaments on flow patterns in 

narrow channels. In this research, both sub- and supercritical flow patterns were 

examined. 

CFD provides more precise solutions to the governing equations of membrane 

filtration processes compared to theoretical mathematic models. However, CFD is based 

on small computational demands. It cannot combine all of the possible mass transport 

mechanisms and interaction forces among particles into a model. In 1990, Romero and 

Davis (Romero and Davis. 1990) developed a transient model for crossflow for MF based 

on a shear-induced hydrodynamic diffusion mechanism of particle motion within a 
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concentrated flowing layer near the membrane surface. Later, Sethi and Wiesner (Sethi 

and Wiesner, 1997) produced a unified transient model based on the formulation 

developed by Romero and Davis by including the effects of Brownian diffusion, inertial 

lift, and shear-induced diffusion. 

Although conventional mathematical models, CFD models, and unified computer 

models have provided important insights into particle motion in crossflow membrane 

filtration, they can only examine the macroscopic phenomena in a filtration system. In 

order to obtain a more fundamental understanding of particle behavior in crossflow, such 

as phenomena of fouling material trajectory and phenomena of particulate material 

deposition onto the membrane surface, precise microscopic-scale models are greatly 

necessary. 

2.6.2 Monte Carlo Simulation 

Brownian Dynamics (BD), Molecular Dynamics (MD), and Monte Carlo algorithms 

have proven to be exceptional analytical tools for probing discrete molecular, ionic, and 

colloidal motions at basic microscopic levels. They offer the advantages of studying 

discrete particle trajectories, inter-collision among particles, and configurations of 

particle systems on a precise microscopic scale. These models subdivide the whole 
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macroscopic system into individual underlying constituents that contribute the whole 

system. Therefore, system performance can be understood and interpreted with great 

precision and exactness. BD demonstrates advantages over MD by its capacity for 

time-scale separation. MC exhibits strengths in terms of ease of implementation. Chen 

and Kim (Chen and Kim, 2004) gave an copious review on the modeling methods ofBD, 

MD,andMC. 

Tung et aI. (Tung et aI., 2006) used MD and MC simulations to investigate the effect 

of solvent types on the morphology of free volume as well as the gas transport properties 

in polymethylmethacrylate (PMMA) membranes from a microscopic viewpoint. The 

effects of solvent types on the sorption of oxygen molecules in a-PMMA membranes 

were conducted using the MC simulation method. MD and MC simulations were carried 

out by Takaba et a!. (Takaba et aI., 2006) to investigate the effect of intercrystalline 

region structure on the diffusivity and adsorption parameters for methane in silicalite. 

Since MC has the advantage of easy implementation, it is widely used to investigate 

the membrane fouling phenomena in the membrane filtration process for water and 

wastewater treatment. Flora (Flora. 1993) developed a stochastic model using MC 

methods to investigate the flux decline caused by surface fouling of pores in UP 

membranes from a microscopic viewpoint. And this model was verified by experiments 
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implemented in a dead-end batch assembly. In the work of Kim and Hoek (Kim and Hoek, 

2002), MC simulations were performed to predict volume fractions and corresponding 

radial distribution functions which represent the effect of particle size, ionic strength, zeta 

potential, and applied pressure on the cake structure. Then the influence of all of these 

factors on permeate flux decline was qualitatively predicted. Compared to previous 

experiments, the simulation method provided very good prediction of cake porosity as 

well as the permeate flux under the dead-end operation condition. 

Chen and Kim (Chen and Kim, 2006) planned to achieve a total mirror reflective MC 

model to simulate the real situation occurring in a long crossflow open channel filtration 

system. The real situation included continuous fully developed 3-D parabolic flow field, 

dilute bulk solution, spatial variations in cake layer thickness, resistance, and permeate 

flux. However, it is an enormous project to develop such a comprehensive model. They 

separated the development process into several stages. 

After a comprehensive literature review on the theories and algorithms for three 

microscopic modeling techniques, i.e., BO, MD, and MC simulation. Chen et al. (Chen et 

aI., 2005) developed a MC model and applied this model to investigate the phase 

transition from a fluid-like polarization layer to a solid cake layer of particle deposits 

during dead-end membrane filtration system of interacting colloidal particles. In this 
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model, an MC algorithm was modified into a biased MC method (Kim et aI., 2001). The 

model was effective in demonstrating the roles of the hydrodynamic drag force and 

inter-particle potential in governing the volume fraction of particle deposition. Hence, it 

demonstrated that the problem of colloidal membrane filtration casts hydrodynamic bias 

MC simulation is an extremely advantageous alternative that possesses the efficacy to 

capture the minute details of every distinct force and particle displacement in colloidal 

membrane filtration. 

The objective of the third stage (Chen et al., 2006) was to bring the model into a 

long open channel crossflow membrane filtration unit. However, the simulation was still 

focused on a small section of the long channel. Compared to the second stage, the 

additional features of the third stage include the fully developed parabolic flow field and 

spatially varying cake thickness. Thus, the model became more comprehensive in the 

scope of physical processes. By using this model, they observed the mono-layer fouling 

phenomena. Even when the parameters were changed, obvious particle accumulation was 

still not observed. In order to mimic the cake formation, a periodic boundary condition 

was applied, i.e., taking the particles that have exited the outlet and re-circulating them 

back upstream where they re-enter the membrane channel. 

According to the plan of the model development, the last stage is to develop a 
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comprehensive model to mimic the real situation occurring in the crossflow membrane 

channel. When the real boundary condition was applied to the model, i.e., adding a feed 

tank upstream to feed the membrane channel, no matter how to change the input 

parameters were changed, cake formation or the serious membrane fouling phenomena 

was still not observed. Therefore, due to the problem that particles in an open membrane 

channel system will readily exit without accumulating on the membrane surface, further 

investigation with respect to the particle transport mechanism in a crossflow open 

channel is still necessary. 

The objective of this study is to develop a large scale Monte Carlo simulation for 

crossflow membrane filtration. In this model, Brownian and shear-induced diffusion are 

incorporated into an effective hydrodynamic force exerted on the hard spheres in a 

concentrated shear flow. The effects of shear rate and particle size on the critical flux are 

carefully examined. This model is used to identify the critical flux in terms of the particle 

size and shear rate by looking into the dynamic particle structures associated with the 

critical flux. Then the estimated critical flux is compared to that obtained from 

experimental observations. 
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CHAPTER 3. SIMULATION MEmOD 

3.1 Ambient Flow Field 

The membrane filtration system is an open one in this study. Basically, the particle 

movements are biased in the direction of the flow field. Figure 3.1 shows the streamlines 

in the membrane channel. which were calculated by Berman (1953) using perturbation 

theory and can be readily applied to crossflow membrane filtration. The velocity along 

the x - and y - directions is shown as: 

u(x.17) =;;(1- ~)U(I-172)J[I- ~~(2-7172_7177)J (3.1 a) 

v (17) = vw[~ (3-17
2
)- ~~ 17(2- 317

2 
+17

6
)] (3.1b) 

with 

z 
17=-

h 
(3.2) 

where u is the average crossflow velocity. v w is the permeate velocity of an order of 

o (IO·' -10'" )m1sec, h (= H 12) is the half-height of the channel of an order of 

o (10.2 -10·' )m, and Re is the permeate Reynolds number defined as: 
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Re= vwh 
v 

(3.3) 

where v is the kinematic viscosity. By taking the typical values of 

terms containing Re in equation (3.1) for u and v, and then assume 

-:i «I 
uh 

where I is the membrane length. Then the flow velocity is approximated as: 

3.2 Modeling System 

U(17) = 1t[~(I-ll) ] 

v(17)=vw[i (3-172)J 

(3.4) 

(3.5) 

(3.6) 

An intermediate section of the entire crossflow membrane channel is selected to 

investigate the critical flux of hard sphere suspension. This section of the membrane 

channel is denoted as simulation box as shown in Figure 3.2. In this simulation, only the 

hard sphere suspension case is considered, so each particle experiences three forces in the 

direction normal to the membrane surfaces: hydrodynamic drag force Fb , gravitational 

force F., and buoyant force Fb • Therefore, the total force acting on each particle F is 

the summation of these three forces. 
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F 
411' 3 A 

=--a pgz 
• 3 p 

(3.7) 

(3.8) 

(3.9) 

(3.1 0) 

where a is particle radius. TJ is the dimensionless distance from the membrane 

surface. v is the velocity along y-direction. Pp andp, are mass densities of the particle 

and fluid, respectively. g is the gravitational acceleration. kb is the Boltzman constant, 

T is the absolute temperature. K(¢) is sedimentation coefficient, and DB and D" 

are the Brownian and shear-induced diffusivities. respectively. DB and D" can be 

represented as: 

where 

S(¢) = B¢Z(¢) 
a¢ 

(3.11) 

(3.12) 

(3.13) 

and Z (¢) is the osmotic compressibility (Hansen and McDonald. 1976). However. 
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s(¢) is omitted in this simulation, i.e., 

(3.14) 

For D(¢) , because the random trial movement implicitly includes the entropic 

contribution stemming from the particle configuration gradient, among various results 

from experiment and simulation studies, the most widely accepted one (Leighton and 

Acrivos, 1986; Leighton and Acrivos, 1987; Leighton and Acrivos, 1987) is used in this 

simulation: 

(3.15) 

Heppel's sphere-in-cell model (Happel, 1958) is incorporated in this study to 

estimate the sedimentation coefficient, which decreases with the increase of volume 

fraction ¢: 

K-1 (¢) = H (¢) 
6+4¢Sl3 

(3.16) 

Detailed discussion on hydraulic force equation and its application to colloidal 

filtration can be found elsewhere (Kim and Liu, 2007; Sierou and Brady, 2004). t is the 

shear rate at a dimensionless distance " from the membrane surface, which is calculated 

as: 
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.() Idu 3u r 1'/ =--=-1'/-
h dl'/ h 

(3.17) 

where u is the average crossflow velocity. The shear rate reaches its maximum in 

magnitude on the membrane surfaces (when 1'/ = ±l) and vanishes near the membrane 

channel epicenter (when 1'/ = 0). The shear rate varies with the normal distance from the 

membrane surface. 

3.3 Biased Probability Distribution 

Biased probability distribution is considered in this simulation. There are two 

components for the biased probability distribution, transverse and longitudinal biases. 

Tangential bias results from the crossflow, while the vertical bias is caused by the 

permeate flux. The orders of magnitude are dissimilar between permeate flux and 

crossflow velocity. Therefore, these two components are separately implemented in Me 

simulations. 

3.3.1 Tangential Bias 

In the crossflow membrane channel, the movement of partsicle in x -direction is 

highly subject to ambient crossflow since the crossflow is much faster than permeate flux. 
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Therefore, particle transport due to Brownian diffusion is negligible near the epicenter of 

the membrane channel. The simulation allows for movement of particles only in the 

direction of the crossflow. Hence, the transport is convention-dominated, i.e., the 

movement occurs only in the positive x-direction. However, on the membrane surface, a 

no-slip boundary condition is used since the flow velocity is close to zero. It is easy for 

particles to perform their random Brownian motion. Therefore, the spatial probability 

distribution of a particle is 50 to 50 percent. Then the transport is influenced by diffusion. 

Considering the dominant transport mechanism described above, the random 

displacement of each particle. i.e., the movement of particle from an old position 1'"ld to 

a new position r..." can be expressed as follows: 

l'1y = y_ - YO/d = a. (2N nmd -1) 

I'1z = z""" - zoJd = a. (2N nmd -1) 

(3. I 8) 

(3.19) 

(3.20) 

where a. is the maximum displacement of the random movement (adjusted during the 

simulation to maintain the acceptance ratio of the random transition close to 0.5), N nmd 

is the a random number generated using the intrinsic Fortran 90 function, rand, and p. 

is the axial transition probability, which readily includes the crossflow influence on 
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particle movement: 

(3.21) 

Hence, near the epicenter of membrane channel, i.e., ." = 0, 

(3.22) 

while, on the membrane surface, i.e., ." = I , 

(3.23) 

The transport mechanism described above is shown in Figure 3.3. Near the epicenter 

of the membrane channel, particle movements are allowed only in the crossflow direction. 

Therefore, the probability of particle movement along the +x and -x directions is 1.0 

and 0.0, respectively. On the membrane surface, it is easy for particles to perform 

Brownian motion, i.e., the particles can move in either the crossflow direction or the 

opposite direction of crossflow. And the probability along each direction is 50 to 50 

percent Between the epicenter and the membrane surface, diffusion and convection are 

equally important. 
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3.3.2 Normal Bias 

Along the nonnal direction, each particle experiences gravitational force, buoyant 

force, and hydrodynamic drag force, which engender the normal transition probability. 

The transition probability is detennined to be: 

p. = min [I,exp(-,BAE - ,BAF.Ar)] (3.24) 

1 
where ,B = -, A (=0.5) is the force bias parameter in Monte Carlo simulation, Ar 

kbT 

is the random displacement, 

Ar=f""" -fold (3.25) 

AE is the energy difference between the new and old particle positions. In this 

hard-sphere suspensions case, AE is set to zero unless overlap occurs among particles. 

When the particle moves from an old position fold to a new position f""" a random 

number is generated. Then the transition probability p. is compared with the random 

number. If the random number is less p., then the trial movement is accepted and the 

particle moves to the new position f""",; otherwise, the movement is rejected, and the 

particle still stays at the old position. If the particle overlaps with the other particles when 

it moves to a new position, the trial movement is immediately rejected because this 

situation is equivalent to that when the AE ~ 00, which is thennodynamically forbidden. 
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3.4 Parallel Algorithm 

3.4.1 Domain Decomposition 

In this simulation, every individual replacement of a particle is computed discretely. 

Therefore, a large amount of computational power is demanded. A parallel computer is 

used to implement the computation. The whole membrane channel is divided into several 

domains, termed domain decomposition. Then each processor is responsible for the 

computations in one domain. The decomposition is only limited along the tangential 

direction (i.e. x - direction) since the particle distribution is non-uniform along vertical 

direction (i.e. z - direction) due to the deposition of the particle onto the membrane 

surface. Therefore, near the membrane surface, particle concentration is much higher 

compared to the bulk phase or in the middle of the membrane channel. If the membrane 

channel is decomposed along the vertical direction, after each iteration step of particle 

movement, the particle number must be checked, if neces5al)', and the domain has to be 

re-<iecomposed in order to maintain the load balance for each processor, which is time 

consuming. However, if the domain decomposition is only along the x - direction, load 

balance is not a concern for parallel programming since the particles are uniformly 

distributed along the horizontal direction. Figure 3.4 is the diagram of domain 

decomposition among four processors. Each domain is called a simulation cell. In this 
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model, the number of processors can be arbitrary according to the requirements of 

simulation scale. 

3.4.2 Communications Among Processors 

If the domain decomposition is only limited to the x - direction, the load is almost 

always in balance for each processor. However, each processor is not totally independent 

of the other processors because the particles near the boundary of the simulation cell may 

move to the neighboring processors. Even if the particle center still remains in the 

original simulation cell, overlap with particles in the neighboring cell could happen. So 

communication is necessary among neighboring simulation cells. The computational 

method employed to perform the simulations is parallel programming via Message 

Passing Interface (MPI). 

A master-slave parallel algorithm is used in this model. Figure 3.5 shows the 

schematic diagram among the processors. One of the processors functions as the server 

(or master), while the remaining processors are referred to as workers or slaves. The 

master performs the task decomposition and output, providing the data for slave nodes. 

Slave nodes are responsible for the computation in each simulation cell. For each 

iteration step, once the slave nodes finish the computation, they send the data back to the 
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master. In the mean time, the master receives data and re-decomposes the task, then sends 

the data to slave nodes to start the next iteration step. 

3.5 Initialization of Simulation 

3.5.1 Dimension of Membrane Channel 

The membrane channel is referred to as a simulation box in this study. The box 

dimension is Lx W x H , where L, W, and H are the length, width, and height, 

respectively. Generally, H is set to 7 times the width. In this way, it is more convenient 

to monitor the particle transport phenomena along z - direction in the membrane 

channel, especially the concentration polarization, which is possibly followed by cake 

formation. The length of simulation box, i.e. L, is set to be at least 3 times longer than 

the width W. In this way, it is easy to monitor the particle transport phenomena along 

z - direction. 

3.5.2 Inititzl Volume Fraction 

Initial volume fraction ¢'nl is arbitrarily assigned between om and 0.1, which is 

higher than a typical feed volume fraction. Generally, the feed water has a volume 

fraction of an order of 0(10-3 _10-5
). In this way, Monte Carlo simulation is sped up, 

i.e., the filtration system can reach a dynamic equilibrium state in a relatively short time 
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without affecting the spatial configuration of particles. With an educated guess of the 

initial volume fraction, a dynamic equilibrium configuration will yield a dense solid-like 

structure on the membrane surface and a liquid-like solution near the channel center 

representing the feed suspension. 

3.5.3 Boundary Condition 

At the beginning of the simulation, randomly generated particles are populated 

without overlap in the simulation box. In order to mimic the spatial homogeneity, the 

periodic boundary condition is used along the x - and y - directions, which means when 

the particles exit from one side of membrane channel, they will be forced back into the 

channel from the other side. The periodic boundary condition in the x - direction 

implicitly assumes that the thickness of the concentration polarization layer or cake layer is 

locally constant along the crossflow direction, and the boundary condition in the 

y - direction (perpendicular to the crossflow direction) indicates the absence of any wall 

effects. The diagram is shown in Figure 3.2(b) shows the boundary condition along 

z - direction. If a particle escapes from the bottom or the top of the membrane surface, it 

will be bounced back into the membrane channel. The location in the x - y plane is the 

same as the projected displacement of the old position. 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1 Verification of Transport Mechanisms 

In this simulation, a canonical ensemble is used in which the total number of 

particles, representative volume of system. and the temperature are constant. In this 

canonical simulation, the number of particles is fIXed at 2100. The particles are 

hard-spheres. The initial volume fraction is 0.1, which is much higher than the typical 

feed volume fraction. In this way, particles are rapidly pushed toward the membrane 

surface by using the inverse sedimentation coefficient as shown in equation (3.16), which 

means that most particles deposit onto the membrane surface in a short duration time and 

only a small fraction of particles are left in the epicenter of the membrane channel. The 

purpose of the higher initial volume fraction is to render an acceptable concentration 

gradient along the direction normal to the membrane surface since a small volume 

fraction close to the feed volume fraction would not provide meaningful results. However, 

if the initial volume fraction is too high, severe deposition will occur through the 

sedimentation coefficient, i.e., the simulation may exaggerate the fouling phenomena. 
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Figure 4.1 shows the results of the canonical Monte Carlo simulations with various 

permeate flux values. When the permeate flux Vw is set to 0 pm I sec, relatively 

homogeneous particle configuration as shown in Figure 4.1(a) is visually observed in the 

membrane channel. Permeate flux is set to I pm I sec (Figure 4.1 (b», where some 

particles moving towards the membrane surface can be observed. However, it is still 

relatively ha omogeneous distribution. As the permeate flux continually increases, i.e., 

when v", = Spm I sec, deposit phenomena becomes more clear as shown in Figure 4.1(c). 

The configuration of two major groups of particles clustered near the double-membrane 

surfaces can be observed. Figure 4.1 (d) and Figure 4. I (e) show the more realistic profiles 

of particle distribution along the direction normal to the membrane surface. When 

permeate flux is set to be 30 pm I sec , almost all particles deposit onto the membrane 

surface, which is called bisection particle configuration as shown in Figure 4.1 (f). 

Therefore, permeate flux with a value of 30 pm I sec causes significant fouling in terms 

of particle deposition or cake formation. 

Under the double-membrane configuration, as the permeate flux increases, 

symmetric particle configuration is formed. Figure 4.2 shows the symmetric volume 

fraction profiles with different permeate fluxes when particle radius is 0.1 pm and the 

shear rate is 1000 I sec. The particles are almost homogeneously distributed throughout 
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the simulation box when the penneate flux is absent. However, the concentration is 

higher near the membrane surfaces compared to the rest part of membrane channel, 

which can be attributed to the reflection effect of the boundaJy under fast crossflow 

operation conditions. The wall concentration is always greater than the bulk 

concentration even under the condition of minimal presence of penneate flux and without 

any adsorption mechanism. 

The local volume fractions near the epicenter can be interpreted as the feed volume 

fraction as shown in Figure 4.2. For example, the cases of penneate flux of 1O,am I sec 

and 20,am I sec, which corresponds to Figure 4.1(d) and Figure 4.l(e), respectively, can 

be interpreted as the crossflow filtration with feed volume fraction (¢/..a) of 0.01 and 

0.004, and cake volume fraction (¢,Q]w) of 0.34 and 0.40, respectively. Fluctuations of 

volume fraction near the epicenter, as observed in the cases when penneate flux is 

20,am I sec and 30 pm I sec, originate in the sparse particle distribution in the center 

area. 

This simulation is also used to investigate the effect of shear rate on the particle 

distribution pattern. When the shear rate is increased to 5000 I sec as shown in Figure 4.3, 

the profile pattern of particle distribution along the direction nonnal to the membrane 

surface is very similar to the case when the shear rate is 1000 I sec as shown in Figure 
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4.2. However, when the shear rate increases, more particles are diffused back to the bulk 

phase instead of depositing onto the membrane surfaces, hence, resulting in smaller 

values of volume fraction on the membrane surface. It can be seen that from Figure 4.2, 

permeate fluxes of 20 and 30 pm / sec cause the cake volume fractions of 0.40 and 0.43, 

respectively. When the shear is increased as in Figure 4.3, the same permeate fluxes 

generate the cake volume fractions of 0.325 and 0.362, respectively. Therefore, it can be 

further confirmed that the effective force, which is derived as equation (3.10), well 

accurately represents the significance of shear-induced diffusion outweighing that of 

Brownian diffusion for micro-particles. 

It can be concluded that the simulation is reasonable with respect to particle 

configuration for different permeate fluxes, the volume fraction profiles in the direction 

normal to the membrane surfaces with various fluxes, and the effect of shear rate on the 

cake volume fraction. 

4.2 Order Parameter 

In the last section, the spatial distribution of particles either uniform or in a bisected 

configuration is based on visual estimation. In thermodynamics, order parameter is often 

used as a rigorous tool to determine this kind of phase transition phenomena The order 
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parameter is the quantity that is indeterminate at the critical point (the point of the phase 

transition), which is used to denote "a fluctuating variable of which average value 

provides a signature of the ordered state (or broken symmetry) in the system" (Barrat and 

Hansen, 2003). In the culture of crossflow membrane filtration, the critical point is often 

referred to the critical flux. Once an order parameter is chosen, it should have the 

capability of easy calculation and be able to extract meaningful physics information that 

would be used to determine the critical flux. 

In this study, the variance of the particle distribution is proposed as the order 

parameter for crossflow filtration: 

'11 ((z-z») 
Y h' 

I t z,-z 
N ( ")' 

Np '01 h 
(4.1) 

where z, is the z -coordinate of the jib particle, and z is the mean z -coordinate of 

the Np particles. For a homogeneous (aligned) distribution, i.e., wheo volume fraction 

is a constant, the value of If' converges to 1/3, proven as follows: 

(4.2) 

where z, = j (<5 z). and <5 z is the normal distance between two nearest neighbors in the 

aligned configuration. For non-uniform distribution, when more particles are pushed 

downward to the membrane surfaces by the permeate flux, z is close to zero due to the 
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vertically symmetric particle configuration as shown in Figure 4.1. The presence of 

particles near the membrane surfaces contributes to an increase of I{I from its minimum 

value of 1/3. Therefore, the increase in I{I value indicates that more particles are being 

dragged away from the epicenter of the membrane channel. Therefore, the particle 

distribution deviates from the homogeneity of the initial configuration. 

Figure 4.4 shows the order parameter defined as in equation (4.1) versus the 

permeate flux for different size particles ranging from 0.1 to 10.0 pm. For each case, 12 

permeate fluxes were chosen to calculate the order parameter. The permeate fluxes are 

0.0 pm I sec, 5 pm I sec, 10 pm I sec ,20 pm I sec and so on in 10 pm I sec increments 

up to 100 pm I sec. Each point in Figure 4.4 is calculated from a simulation run using 

2100 particles. The shear rate is 3333.3 I sec . 

As shown in Figure 4.4, the cases with smaller particles, I{I appears to rapidly 

increase when the permeate flux is less than 20 pm I sec , then reaches a plateau when the 

permeate flux is close to 100 pm I sec . This rapid increase in I{I at lower flux attenuates 

as the particle size increases from 0.3 to 10.0 pm. It can be seen from this figure that I{I 

is greater than 1/3 for all of the calculations, which indirectly confirms that the order 

parameters are appropriately calculated. As to the deviation of I{I from 113 with zero 

permeate flux, it indicates that the wall concentration is higher than the bulk 
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concentration as discussed in the previous section. This phenomena is important only 

when the feed volume fraction is more than a few percent (volume to volume) because 

the particles lose their degrees of freedom in the presence of the membrane, which acts as 

a geometrical barrier. 

It can also be noted from Figure 4.1 that the I/f value with particle size of 0.1 J.I11I 

behaves different from the other four curves by intersecting with them, while the other 

four curves are clearly stratified in an organized manner with respect to particle size. This 

demonstrates that the dominant transport mechanism for particles 0.1 J.I11I is different 

from the other four cases. It can be inferred from this that 0.3 J.I11I particles can be a 

delineation between Brownian and shear-induced diffusion with the shear rate of 

5000 / sec. Different shear rates will change the magnitude and variation of I/f with 

respect to permeate flux. 

It is assumed that the order parameter of I/f represents information about particle 

configuration characteristics so that it can be used to estimate the critical flux. Close 

examination of Figure 4.1 shows that there are two distinct regions in terms of variational 

behavior of I/f: regimes of acclivity and plateaus at low and high fluxes. However, the 

variation of I/f is too smooth to determine the point of permeate flux that can clearly 

discriminate two different phases of particle distributions, i.e., essence uniform and 
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conspicuously bisected. Therefore, '" in Figure 4.4 is numerically differentiated with 

respect to penneate flux Vw ' and the results are shown in Figure 4.5. 

As expected, it can be seen from Figure 4.5 that d", I dv w is high for the low flux, 

or vice versa. A higher value of d", I dvw indicates the sensitive changes of '" with 

respect to v.' and negligible d", I dv. means a minute change in structures from that of 

Vw = o. The offset of d/{/ I dvw on the Vw -axis is not clear in Figure 4.5. Therefore, a 

linear regression is perfonned using the first three points of each curve. The dotted lines 

show the linear regression plots, and the x -intercept asymptotically delineates transition 

points of d", I dvw from finite to vanishing values. Therefore, each curve in Figure 4.5 

can be divided into two regions, i.e., linear decline region and zero-slope region. Offset 

points can be interpreted as fluxes of phase transition, of which trend is analogous to the 

second order phase transition (Barrat and Hansen, 2003), in which the second order 

derivative of the order parameter is discontinuous near the transition point. The variation 

of d", I dvw can be simplified as: 

d", = {-C,Vw +C, for v. < J crl, 

dv. 0 for v. > J crl' 

(4.3) 

where C, and C, are constants to be determined by linear regression. J cnt is defmed 

as the penneate flux when d", I dvw first becomes zero as the penneate flux (v.) 
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increases from zero: 

J cril =C,/C2 (4.4) 

It can be seen from equation (4.3) that the second order derivative of the (linearized) 

order parameter (IfF) gives a discontinuous point where the permeate flux ( v w) equals to 

the J enl • Therefore, the method of determining critical point of second phase transition is 

used to approximately estimate the critical flux in this simulation. 

4.3 Critical Flux 

The critical flux J cr11' which is determined using the method described in the last 

section, is plotted with respect to particle size as shown in Figure 4.6. The determination 

of each critical flux value in this figure requires series simulations with a fixed value of 

particle diameter and varying permeate fluxes for the phase transition analysis using 

equation (4.3). Altogether, 60 simulation runs for five different particle diameters with 

twelve permeate fluxes where implemented to obtain the critical flux values shown in 

Figure 4.6. The estimated critical flux is compared to the experimental results ofKwon et 

al. (Kwon et aI., 2000), which are also plotted in Figure 4.6. 

Two defmitions of critical flux were introduced in the work of K won et al. (K won et 

a1., 2000); one was based on mass balance and the other one was defined on the basis of 
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the increase of transmembrane pressure (TMP). The critical flux based on mass balance 

was calculated from the rate of particle deposition at a certain permeate flux. Below the 

critical flux, there will be no particle deposition onto the membranes. The critical flux 

based on the TMP increase is the flux below which membrane fouling does not occur. 

The critical flux based on both definitions was evaluated from experiments. 

The estimated results of our simulation show good agreement with the experimental 

results obtained by Kwon et a\. (Kwon et a\., 2000) for particles greater than 0.3 pm. The 

critical fluxes predicted from our simulation are slightly lower than these obtained from 

the experiments based on themass balance method, which can be explained in terms of 

inter-particle interactions. The ionic strength used in their experiments ranges from 

O( 10-' -10-3 )M, where colloidal particles are usually repUlsive if their zeta potential is 

of an order of O( 1 0) m V in magnitude. Repulsive interaction among particles mitigates 

particle deposition, attenuates structural bisection, i.e., concentration polarization, and 

hence reduces values of order parameter. In other words, stronger repulsion between 

particles allows higher critical flux. 

The goal of the current study is to delineate a consistent baseline of the critical flux 

using the non-interacting hard spheres undergoing only Brownian and shear-induced 

diffusion, i.e., pure equilibrium thermodynamics and non-equilibrium hydrodynamic 
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origins, respectively (Kim and Liu, 2007). From equation (3.10), without shear rate, the 

critical flux decreases when the particle size increases since larger particles will undergo 

stronger hydrodynamic drag forces toward the membrane surface. On the other hand, 

stronger shear enhances back diffusion of larger particles from the membrane surface to 

the bulk phase even when the Brownian diffusion is negligible. Figure 4.6 indicates that 

the critical flux of repulsive particles is higher than that of hard spheres with a size 

greater than O( 10-1 
) pm and shear rate of O( I 0' ) / sec. Comparison of the critical flux 

measured indicates that the critical flux estimated from TMP method is always higher 

than that obtained from the mass balance method. This implies two different important 

stages in the critical flux determination in terms of particle distribution and deposition. 

The critical flux determined from the mass balance method is close to our MC 

simulation, which may be due to both methods dealing with concentration polarization, 

i.e., spatial deviation of particle distribution away from the uniform configuration as the 

main criteria to determine the critical flux. The highest flux that initiates particle 

deposition in experiments corresponds to the flux that makes a transition of dl{/ / dv w 

from the rapid linear decrease to the indifferent variation, as shown in Figure 4.5. The 

difference between experimental observations of the critical flux based on mass balance 

and our MC simulations are attributed to the interaction among particles, which is 
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considered to be repulsive due to the low ionic strength, IS = 10-' M, of the feed 

solution of latex particles. In this case, both methods represent a steady state near which 

the initial, noticeable concentration polarization occurs with spatial bias of the particle 

distribution along the direction normal to the membrane surface. Therefore, the 

hydrodynamics (i.e., convective drag force) and thermodynamics (i.e., Brownian and 

shear-induced diffusion) are balanced. In this light, the critical flux estimated by TMP 

method indicates a thermodynamic state in which diffusion is readily suppressed by 

permeation. Due to the unceasing increase in TMP. the critical flux of the TMP method 

may possibly indicate another transition from quasi-equilibrium to pure irreversible 

(non-equilibrium) thermodynamic state, which is out of the scope of the current study. 
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CHAPTER 5. CONCLUSIONS 

A large-scale Monte Carlo simulation method based on parallel computation via 

message passing interface (MPI) of crossflow membrane filtration for removal of 

particulate materials was developed to investigate the dynamic particle structures 

associated to the critical flux. Dominant mechanisms of particle transport, including 

Brownian and shear-induced diffusion, are unified to derive an effective hydrodynamic 

force. The force acting on each hard sphere includes gravitational, buoyant, and 

hydrodynamic drag forces in the direction normal to the membrane surface. The 

transition probability consists of tangential and normal biases, which are based on the 

axial convection and the hydrodynamic drag force, respectively. 

In the Monte Carlo simulations, the variance of the particle distribution along the 

direction normal to the membrane surface is proposed to be an order parameter of the 

phase transition. The second order derivative of this order parameter is used to estimate 

the critical flux. Estimated critical fluxes are very close to experimental results measured 

using the mass balance method. Effects of shear rate and particle size on the critical flux 
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are investigated using this model, which determines a baseline by showing that repulsive 

particles lead to higher critical flux compared to hard spheres. In the light, this large-scale 

Me simulation is proven to be rigorous and effective in investigating the membrane 

fouling phenomena on a microscopic scale, and therefore, it is capable of providing 

optimal operational parameters, Le., critical flux, for colloidal suspensions without strong 

inter-particle interactions. 
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Figure 1.1 Diagram for a typical water treatment plant 
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Figure 1.2 Conceptual illustration of dead-end filtration (EPA, 2005) 
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Figure 2.1 Diagram of membrane filtration process 
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Figure 3.1 Flow lines in the upper half of membrane channel (Bennan, 1953) 
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Figure 3.2 The simulation box as a representative volume.(a) Periodic boundary 

conditions in x - and y - directions.(b) Reflecting boundary condition in z - direction. 
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Figure 3.4 Domain decomposition among four processors along x - direction. The 

number on each box refers to the identification of the processor that is responsible for the 

calcu lation of that domain. 

74 



1 

4 

Figure 3.S Diagram of master-slave parallel algorithm and MPI as shown in Figure 3.4. 

After the calculation, slave nodes send data to the server, in the mean time, the server 

receives data from slaves. After reorganizing the data, the server re-decompose the task 

and send data to slaves, in the mean time, slaves receive data from the server. The 

neighbor slaves exchange data via MPI. 
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Figure4.1 Canonical MC simulations with the number of particles N p = 21 00 , particle 

radius a=O.I,um , mass density Pp =Pf ' and shear rate y = 10' sec-'. The permeate 

flux v. of simulations are (a) O,um , (b) l,um , (c) 5,um , Cd) 10"m ,(e) 20,um , 

and (I) 30pm. 
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Figure 4.2 Profiles of particle volume fraction in the normal direction with various 

permeate fluxes with (a) linear and (b) common-log scales of volume fraction. Particle 

radius is 0.1 Jim , and shear rate is J 000 sec- I. 
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Figure4.3 Profiles of particle volume fraction in the normal direction with various 

permeate flux with (a) linear and (b) common- log scales of volume fraction. Particle 

radius is 0. 1 f.lm , and shear rate is 5000 sec-I . 

78 



0.75-

o 10 20 30 40 50 60 70 80 90 100 

Pcnncatc Flux, v (,..m/SCC) 
w 

Figure 4.4 The order parameter defined as Eq. (4. 1) versus the permeate flux. The order 

parameter increases with and decreases with the particle diameter (excluding 

D=O.I 11m case). The shear rate used for theses simulations is ro = 3.33 x 10' sec-I. 
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Figure 4.5 The derivative of the order parameter with respect to the permeate flux, 

obtained from Fig 4.4 . Each arrow line indicates the linear regression using the first three 

data points from v .. = o. Abscissas of the arrows (i.e., x - intercepts of regressed lines) 

points out critical fluxes based on the asymptotic di scontinuity of the order parameter. 

80 



50 

40 

." ....,u 

~ 30 
u.. 

'" (.) 

·c .;: 20 
U 

10 

0 PMB (Kwon ct. al) 0 
0 TMP (Kwon ct. al) 

-"-IrFBMe 

0 0 
0 

6. 

0/ ~ 

~o 
0 

o _____ i;:;. 
o b. 

0.1 

D 6. 

1 

Diameter, D (~~m) 

10 

Figure 4.6 Comparison of critical fluxes of our model and experimental observation by 

Kwon et al. (Kwon et aI. , 2000) using particle mass balance (MB) and transmembrane 

pressure (TMP) methods. Operation conditions are as follows : crossflow u = 0.2m I sec , 

ionic strength IS = 10-' M , temperature T = 25°C, membrane length 1= 60mm , width 

w = 6mm , and half height h = 18mm. The estimated value of the shear rate is 

Yo = 3.33 x 103 sec- I. 
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