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Abstract 

In this study, a pilot-scale membrane filtration system for the treatment of oily wastewater 

through a comprehensive three-dimensional (3D) computational fluid dynamics (CFD) 

modeling was investigated. The model was designed and developed based on the 

characteristics of the pilot-scale system and validated using oil removal efficiency and 

average transmembrane pressure (TMP) obtained by the experimental data for two types 

of oily wastewater containing heavy crude oil, Cold Lake Dilbit (CLD) and light crude oil, 

Very Low Sulfur Fuel Oil (VLSFO). Results showed that the system met the International 

Convention for the Prevention of Pollution from Ships (MARPOL) 73/78 regulation when 

the inlet oil concentration was at the threshold of 270 mg/L and 330 mg/L containing CLD 

and VLSFO, respectively. In addition, the model was used to scale up for field-scale 

applications at a capacity of 10,000 L/h and results demonstrated that the oil removal 

efficiency was above 91%.  
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1.CHAPTER 1   INTRODUCTION 

This chapter includes the background defining the problem statement and rationale of this 

study, and outlines the research objectives, the approach used, and the thesis layout.  

1.1. Background 

Oily wastewater is generated from various sources such as petroleum industry, leather 

processing, metal processing, and shipping and transport (Sanghamitra et al., 2021). The 

discharge of this type of wastewater into the environment negatively affects ecosystem and 

human health due to the existence of toxic compounds, such as volatile organic compounds 

(VOCs), polycyclic aromatic hydrocarbons (PAHs), phenols, and heavy metals (Han et al., 

2019; Abuhasel et al., 2021; Sanghamitra et al., 2021). A portion of discharged oily 

wastewater to the aquatic environment is related to marine oil spill incidents. To reduce 

the negative environmental impacts of this type of oily wastewater, the vessel-based 

operation has been used throughout marine oil spill response operations (Herndon, 2005; 

Han et al., 2019). This method of operation leads to the collection of a large volume of 

water together with the spilled oil. Oil and water mixture is stored in a temporary storage 

container on ships/barges and when the mixture has settled for a certain time, the oil is 

naturally separated and remained at the top layer of the water through the gravity separation 

process (Han et al., 2019). Following this separation, the decanted water still has a large 

quantity of dispersed, emulsified, and dissolved hydrocarbons that are potential pollutants 

to the oceans and marine creatures if discharged without adequate and efficient treatment.  
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Disposing decanted water at sea is typically regulated by an acceptable overall oil content, 

under the International Convention for the Prevention of Pollution from Ships (MARPOL 

73/78). This regulation was suggested by the International Spill Control Organization 

(ISCO) which states that oil content of the discharge cannot surpass 15 ppm; however, no 

oil content is allowed in Special Areas such as the Antarctic or the Great Lakes (Herndon, 

2005; ISCO, 2022). In some cases, even when the total oil content meets the regulations, 

decanted water still contains persistent, bio-accumulative, carcinogenic, and mutagenic 

pollutants such as PAHs and phenols (Rashid et al., 2022) which pose barriers to permit 

discharge of decanted water at sea. Therefore, in Canada, the disposal of decanted water 

back into the ocean is banned by Canada Fisheries Act (Government of Canada, 2018), 

and decanted water must be barged to shore for discharge (Herndon, 2005). This drastically 

restricts the capacity of response and efficacy of oil spill response operation as a result of 

limited temporary storage space in barges and long time and high cost of transportation 

(Liu et al., 2022). Finding effective and efficient onsite treatment technologies to allow 

wastewater discharge is one of the most important measures to improve the capabilities of 

the oil spill response operation and protect the ocean. 

Membrane filtration technology provides advantages such as high removal efficiency and 

low secondary pollution. More importantly, this technology is able to treat oily wastewater 

containing a small oil droplet size below 20 µm which is difficult to remove by 

conventional methods (Zhang et al., 2020; Varjani et al., 2020). In addition, this technique 

does not require biological processes and only includes physical separation which is simple 

to operate. Unlike biological-based technology, membrane process is not impacted by 

environmental factors such as a change in feed composition and level of oxygen (Meena 
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et al., 2019). It does not generate CO2 and large quantity of greenhouse gas (Lateef et al., 

2013). However, the main challenge in the membrane filtration system is membrane 

fouling which refers to the accumulation of substances on the membrane surface and within 

the pores. This increases transmembrane pressure (TMP), decreases permeate production 

and membrane lifespan (Bagheri & Mirbagheri, 2018).   

Reviewing previous research projects demonstrates that most of the numerical studies 

conducted to date has evaluated the membrane performance to treat different types of 

wastewater at bench-scale membrane filtration systems under the constant TMP using a 

two-dimensional (2D) computational fluid dynamics (CFD) model (Keir & Jegatheesan, 

2014; Behroozi et al., 2019). For example, Vinther et al. (2014) simulated and investigated 

the treatment process of wastewater containing dextran using a 2D CFD model in a bench-

scale membrane filtration system; Nowee et al. (2017) developed a 2D mathematical model 

for phenol removal in a bench-scale membrane bioreactor (MBR); Maarefian et al. (2017) 

modeled a bench-scale MBR system to remove chemical oxygen demand (COD) from high 

saline refinery wastewater under the constant TMP. However, very limited numerical 

studies investigated oil removal efficiency in a membrane filtration system operating under 

the constant flux in a pilot and/or large scale using a three-dimensional (3D) CFD model 

(Pawloski, 2016; Ismail et al., 2020; Naim et al., 2021). Operating pilot- and/or large-scale 

systems in a real-world condition has challenges and difficulties such as controlling 

experimental conditions (e.g., adjusting flux, TMP, and aeration flow rate) and high cost 

(e.g., in terms of construction and fabrication of the system, purchase of the membranes, 

pumps, and air blowers) (Pawloski, 2016). Therefore, accessibility to the pilot- and/or 

large-scale systems in laboratories, and consequently, their experimental data for model 
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validation has been limited for most researchers. In addition, operating a membrane 

filtration system under the constant TMP specifically at large scales leads to a serious 

membrane fouling (Hussain, 2019). This is due to the fact that solute particles move 

towards the membrane surface more rapidly than they are transported away, leading to 

more particles being accumulated on the membrane surface at the constant TMP compared 

to the constant flux. Therefore, simulating and operating a membrane filtration system 

under the constant flux would be more beneficial for industrial applications due to a stable 

permeate production rate with insignificant membrane fouling and the ease of membrane 

cleaning (Hussain, 2019; Keyvan Hosseini et al., 2023).  

The majority of the previous numerical research investigated the impacts of turbulency 

promoter techniques such as baffles, spacers, and gas sparging on the bench-scale 

membrane filtration process (Santos et al., 2007; Wardeh & Morvan, 2008;  Liu et al., 

2009). For example, Khalili-Garakani et al. (2011) and Yan et al. (2016) investigated the 

hydrodynamic behavior and the impact of aeration flow rate on shear stress in a bench-

scale MBR. However, these studies did not consider the impact of aeration on membrane 

fouling and did not assess the hydrodynamic behavior of a pilot-scale membrane filtration 

system containing different types of oily wastewater (i.e., heavy and light crude oils).  

To address the knowledge gaps, in this research project, CFD modeling was used to 

investigate oily wastewater treatment in a pilot scale membrane filtration system under the 

constant flux using a 3D CFD model. CFD is a successful approach that can help 

investigate treatment processes and hydrodynamic behavior in any geometrical 

configurations and module scales (Samstag et al., 2016; Guo et al., 2017; Shi et al., 2021; 
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Poormohamadian et al., 2022). In this method, the geometry is decomposed into finite 

volumes and transport equations such as mass, momentum, species, and energy balance 

are discretized for the whole of the finite volumes/computational mesh, and then, solved 

numerically (Lukitsch et al., 2020).  

1.2. Objectives 

The overall objective of this study was to investigate the pilot-scale membrane filtration 

system for the treatment of oily wastewater through a comprehensive 3D CFD modeling 

and used the model to scale up the system and explored its capability in a larger-scale field 

application. The specific research objectives were as follows. 

• Construct and develop a 3D CFD model for a pilot-scale membrane filtration 

system treating oily wastewater under the constant flux 

• Investigate the hydrodynamic behavior of the pilot-scale unit and the impact of 

different operating parameters on oil removal efficiency and TMP  

• Scale up a pilot-scale system for larger-scale field applications and explore its 

potential as an onsite treatment technology for oil spill response operations 

In order to fulfill the research objectives, the model geometry was designed based on the 

dimensions of the pilot-scale membrane filtration system. The model was then constructed 

with free tetrahedral geometry mesh configuration, and mesh independence analysis was 

conducted to estimate the optimum simulation grid size for the simulation domain. In the 

modeling process, different physics such as fluid flow, Darcy’s law, and mass transfer were 

integrated with considering the characteristics of oily wastewater and membranes. The 
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model was validated according to the oil removal efficiency and average TMP obtained by 

the experimental results. The validated model was then used to investigate the 

hydrodynamic behavior of the system at an unsteady-state condition of fluid flow module 

with measuring gas volume fraction, gas and liquid velocity in the membrane tank, and 

shear stress on the membrane surface. Then, a fluid flow module at a steady-state condition 

and Darcy’s law and mass transfer modules at an unsteady-state condition were coupled 

and solved to investigate the impact of operating parameters on system oil removal 

efficiency. Following that, the model was used to scale up through suggesting an upscaling 

index. This modeling framework can provide a comprehensive investigation regarding the 

hydrodynamic condition inside the pilot-scale membrane filtration system which has been 

challenging to determine in a real-world application. Furthermore, it can predict the 

capability of the system to treat oily wastewater for both pilot-scale and larger-scale field 

applications and save cost and energy for oil spill response team due to reducing the 

number of experimental runs.  

1.3. Thesis Outline 

This thesis is split into five chapters. Chapter 1 determines the problem statement and 

motivations of this research, and outlines the research objectives, approach, significance, 

and thesis organization. Chapter 2 contains the fundamentals of membrane filtration 

technology and CFD followed by a literature review of previous works related to CFD 

simulation to model membrane processes and scale-up. A review of the literature has 

yielded information on the background of simulating free flow and membrane filtration 

technology through CFD. An explanation of the membrane-based simulation and the 
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effectiveness of the method is included in four subsections. Knowledge gaps have been 

identified at the end of the chapter. Chapter 3 provides a detailed methodology of the 

techniques applied to fulfill the research goals. The research plan was divided into five 

primary phases; the steps included designing and constructing a 3D CFD model for a pilot-

scale membrane filtration system, validating the model based on experimental data, 

investigating system hydrodynamics, conducting parametric study analysis, and using the 

model for upscaling design in the field-scale applications. The results achieved through 

various methods, as well as the analysis and discussion of the findings, are addressed in 

Chapter 4. Chapter 5 summarizes the main findings and identifies areas that may require 

additional research. Finally, references used for this study have been mentioned in the last 

section. 
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2. CHAPTER 2   LITERATURE REVIEW 

2.1. Oily Wastewater and Treatment Techniques 

Oily wastewater is a mixture of dissolved and particulate solids, organic and inorganic 

matters, salts, and hazardous chemicals; major parameters in this type of wastewater 

include chemical oxygen demand (COD), total suspended solid (TSS), total organic carbon 

(TOC), and total dissolved solid (TDS) with the quantities of 1,220 to 2,600 mg/L, 1.2 to 

1,000 mg/L, 0 to 1,500 mg/L, and 100 to 400,000 mg/L, respectively. It also contains 

benzene, toluene, ethylbenzene, and xylene (BTEX) with the amounts of 0.032 to 778.51 

mg/L, 0.58 to 5.86 mg/L, 0.026 to 399.84 mg/L, and 0.01 to 1.29 mg/L, respectively (Al-

Ghouti et al., 2019; Ullah et al., 2021). Depending on the size and stability of the oil 

droplets, oil in wastewater has four physical forms; free-floating oil contains large droplets 

(≥150 μm) and is easily removed by conventional gravitational separation approaches, 

dispersed oil has droplet sizes ranging from 20 to 150 µm and is quite simple to be removed 

by gravitational processes and/or stabilizing agents. Emulsified oil with an oil droplet size 

of less than 20 μm and dissolved oil with an oil droplet size of less than 5 µm are extremely 

difficult to be removed and require other types of techniques (Munirasu et al., 2016; 

Varjani et al., 2020; Kallem et al., 2021; Medeiros et al., 2022). Membrane filtration 

technology has been effective to remove small oil droplets (below 20 μm) with low space 

requirement, low chemical usage, and low waste generation (Kujawa et al., 2017; Obotey 

Ezugbe & Rathilal, 2020). Hence, it is desired over other techniques achieving selective, 

effective, and consistent separation of pollutants (Abuhasel et al., 2021). 
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2.2. Membrane Filtration Technology 

Membrane technology is a state-of-the-art separation method that demonstrates continued 

promise for technical growth and wide-scale commercialization. This technology is 

progressively finding its way into the growing engineering fields of the oily wastewater 

treatment industry (Theodore & Ricci, 2010a). In this section, fundamentals of membrane 

technology such as major mechanisms and effective factors in membrane filtration, 

membrane fouling, different types of membranes, membrane configuration, and its 

operation mode have been discussed.  

2.2.1. Major Mechanisms of Membrane Filtration Technology  

A membrane is a barrier separating two phases from each other by restricting the 

movement of components in a selective style (Judd, 2010; Obotey Ezugbe & Rathilal, 

2020). During the membrane filtration process, different types of driving forces can be 

imposed (i.e., pressure-driven, osmotic-driven, and thermally-driven), and convection and 

diffusion are the most significant transport mechanisms in membrane processes for 

wastewater treatment (Gkotsis et al., 2014; Le & Nunes, 2016). The bulk fluid rather than 

any dissolved or suspended components causes convection; therefore, convective transport 

occurs when a liquid flows (Stephenson et al., 2000). In a flowing liquid, flow rate 

determines the nature of the flow regime. The flow is described as turbulent at high flow 

rates and as laminar at low flow rates (Stephenson et al., 2000). The Reynolds number (Re) 

(Eq. (2.1)) is a dimensionless number indicating the condition of the fluid flow in terms of 

being laminar and turbulent. In the laminar flow regime, fluid moves slowly and no eddies 

and macroscopic mixing of various segments of the fluid is seen. In contrast, a turbulent 
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flow regime is described by eddies and macroscopic currents when the Re is more than 

2,100 in a pipe (Bird et al., 2002; Theodore & Ricci, 2010b). This dimensionless number 

depends on the fluid velocity, density, viscosity, and the length characteristic of the system; 

as an example, the characteristic length for pipes is the inside diameter.  

Re
ud


=   (2.1) 

where d is the inside diameter of the pipe (m), u is the fluid velocity (m/s), ρ is fluid density 

(kg/m3), and μ is the fluid dynamic viscosity (Pa·s).  

Brownian diffusion results from the transport of individual ions, atoms, or molecules from 

an area of high concentration to an area of low concentration (Stephenson et al., 2000). 

The diffusion coefficient (DAB) of component A in solution B is a measure of its diffusive 

mobility and is specified as the ratio of its flux, JA, to its concentration gradient as shown 

in Eq. (2.2).  

A
A AB

c
J D

z


= −


  (2.2) 

The concentration gradient term shows the changes of the concentration, CA in the z 

direction. The negative sign shows diffusion from high-level to low-level concentrations 

(Theodore & Ricci, 2010b). 

2.2.2. Effective Factors in Membrane Filtration Technology 

In membrane processes treating oily wastewater, the most important operating parameters 

are TMP, flux, crossflow velocity (CFV), and inlet oil concentration (Behroozi & 

Ataabadi, 2021). These parameters can affect the efficiency of the membrane performance 
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and membrane fouling. TMP is mostly defined as the difference between average feed 

pressure and the permeate pressure which is shown in Eq. (2.3).  

( )

2

in out
perm

p p
TMP p

+
= −   (2.3) 

where Pin is the pressure at the inlet, Pout is the pressure at the outlet of the inner casing, 

and Pperm is pressure at the outlet of the outer casing (Vinther et al., 2014).  

Membrane flux is defined as the permeate flow per unit area of the membrane and depends 

on hydraulic resistance, cake layer thickness, and driving force (Izadi et al., 2018). In 

addition, flux shows the rate of TMP increase with time, indicating how often the 

membrane requires to be cleaned and the methods adopted for cleaning (Judd, 2016).  

CFV is the linear velocity of the flow tangential to the surface of the membrane and 

calculated based on Eq. (2.4). 

VQ
CFV

A
=   (2.4) 

where CFV is crossflow velocity (m/s), Qv is the volumetric flow rate in a flow channel 

(L/min), and A is the cross-sectional area of the flow channel (m2) (Sterlitech, 2022). 

Enhancing CFV in a system causes high membrane flux and low membrane fouling due to 

increase in turbulency and Re inside the system which results in increasing shear stress and 

decreasing the accumulation of substances on the surface of the membrane (Behroozi & 

Ataabadi, 2021). However, when CFV goes beyond a certain threshold, it increases TMP 

and membrane fouling as a result of reduction of larger particles deposition; therefore, cake 

layer is mainly formed by small particles which are denser and results in increasing TMP 
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and membrane fouling (Du et al., 2020). Inlet oil concentration increases the accumulation 

of oil on the surface of the membrane because of increasing collision of oil droplets and 

forming larger oil droplets (Behroozi & Ataabadi, 2021).  

2.2.3. Membrane Fouling  

Membrane fouling is defined as the deposition of particles either on the membrane surface 

or within the membrane pores. The fouling layer blocks the pores of the membrane and 

decreases the membrane performance efficiency (Zoubeik, 2018). Membrane fouling 

happens as a result of five mechanisms including adsorption to membrane walls and pores, 

membrane pore blocking, concentration polarization, cake layer formation on the surface 

of the membrane, and cake layer compression (Zoubeik, 2018). The mechanism of 

membrane fouling is also explained by filtration resistance which is included in Darcy’s 

law (Eq. (2.5)). This law describes that permeate flow is proportional to the pressure 

applied and the membrane permeability. The resistance is inversely related to the 

permeability of the membrane (Eq. (2.6)) (Habibi, 2014).  

m m

TMP TMP
J

R



 
= =   (2.5) 

m
mR




=   (2.6) 

where J is the permeate flow per unit surface of the membrane (m/s), TMP is 

transmembrane pressure (Pa), µ is the fluid viscosity (Pa·s), ĸ is the membrane intrinsic 

permeability (m2), δm is the membrane thickness (m), and Rm is the membrane hydraulic 

resistance (m−1) (Habibi, 2014).  
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During oily wastewater treatment, when oil covers the membrane pores, the membrane 

active layer becomes hydrophobic and this decreases the membrane permeability toward 

water (Madaeni et al., 2013). Membrane is fouled by oil due to different reasons such as 

oil droplets accumulation on the surface of the membrane (i.e., forming cake layer and/or 

concentration polarization), penetrating oil droplets into membrane pores and adsorption 

on the membrane surface. This phenomenon is due to the permeation drag leading to 

decrease volume porosity, increase fouling resistance, and reduce flux (Hesampour et al., 

2008). Concentration polarization is a common issue which refers to the accumulation of 

oil droplets at the membrane surface, and therefore, oil concentration on the membrane 

surface becomes higher than the bulk fluid. In this condition due to the concentration 

gradient towards the bulk fluid, back diffusion happens. Oily wastewater is entering the 

membrane filtration system as homogeneous emulsion. A nonzero velocity component 

towards the membrane leads droplets of oil to be migrated towards the membrane surface 

and be collected on top of the surface generating concentration gradient (Zoubeik, 2018). 

Effective parameters such as TMP, flux, and CFV should be optimized to balance flux 

reduction, mitigate membrane fouling, and prolong the membrane lifespan (Zoubeik, 

2018).  

2.2.4. Membrane Type  

Membranes are classified into two types based on the materials used to construct such as 

polymeric and ceramic. Ceramic or inorganic membranes consist of materials such as 

silica, metal oxides, or carbon; they offer excellent chemical stability and long lifespan, 

and their usage in industrial oil recovery applications is a modern technology. Although 
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these membranes are susceptible to fouling, rigorous cleaning procedures can restore the 

flux decline. The main drawbacks of ceramic membrane are high production costs and 

weight (Deriszadeh et al., 2010; Emani et al., 2014; Dickhout et al., 2017).  

Polymeric membranes are used in various industrial separation processes; polymers such 

as cellulose derivatives, polyvinylidenedifluoride (PVDF), polysulfone (PS), polyether 

sulfone (PES), polyacrylonitrile (PAN), polytetrafluoroethylene (PTFE), and 

polyvinylchloride (PVC) have been used to construct polymeric membranes (Lalia et al., 

2013). These membranes can be adjusted to the exact requirements of the process in which 

they are utilized, allowing for selective separation. Selecting a polymeric membrane for a 

certain purpose is important because the polymer must have the proper affinity and be able 

to tolerate the treatment condition (Lalia et al., 2013). Although PVDF, PS, and PAN 

membranes have been extensively used in oily wastewater treatment (Baig et al., 2022), 

they have some disadvantages. PVDF membranes are fouled rapidly which is a major 

challenge in their industrial applications (Otitoju et al., 2016). The PS membranes have 

shown weak mechanical stability, low binding forces, and bulky structure between fibers 

(Abdelrasoul et al., 2015). PAN membranes have low porosity, low permeance, and weak 

antifouling performance (Baig et al., 2022). However, PTFE membranes have high 

chemical resistance, high thermal stability, and mechanical strength (Li et al., 2018); 

therefore, it can be a suitable membrane material for harsh treatment conditions such as 

oily wastewater.  

In addition, membrane has been categorized based on the difference between the pressure-

driven membrane processes including microfiltration (MF), ultrafiltration (UF), 
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nanofiltration (NF), and reverse osmosis (RO) (Sidney & Srinivasa, 1964). MF has the 

biggest pore size and is capable of filtering suspended particles and microorganisms 

ranging from 0.1 to 5 µm. Macromolecules and soluble solids (inorganic salts) pass 

through MF membrane, but this membrane can intercept suspended solids, bacteria, and 

macromolecular colloids. The operating pressure of MF is generally between 0.01 and 0.2 

MPa (Rezakazemi et al., 2018; Yang, 2020). The pore size of UF is smaller than that of 

MF and they can be used to separate aromas, viruses, colors, and colloidal organic 

substances in the range of 0.001 to 0.1 µm. The operating pressure of UF is generally 

between 0.05 and 0.6 MPa (Hu et al., 2010; Igunnu & Chen, 2014; Yang, 2020). In both 

MF and UF membranes, the removal mechanism is sieving and transport mechanism is 

convection (Cao, 2016). Another type of membrane separation technique used in water 

purification is NF; this membrane can remove particles ranging between 0.0001 to 0.01 

µm (Pabby et al., 2015). The operating pressure of NF is generally between 0.5 and 1.5 

MPa (Yang, 2020). RO has the highest separation accuracy, which can successfully 

intercept all dissolved salts and organics in the range of 0.0001 to 0.001 µm (Malaeb & 

Ayoub, 2011). It is mainly utilized for salt removal of industrial water, desalination of 

brackish water and seawater, and wastewater treatment. The operating pressure of RO is 

generally between 1 and 10 MPa (Yang, 2020). Removal mechanism and transport 

mechanism in NF and RO membranes are diffusion (Cao, 2016).  

2.2.5. Membrane Configuration 

Membrane configuration is the geometry of the membrane and its position in space in 

relation to the flow of the feed and permeate (Berk, 2009). The desired characteristics of a 
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membrane configuration include compactness (i.e., the capability of packing as much 

membrane surface as possible into a module), low resistance to tangential flow (i.e., low 

friction and energy consumption, low pressure drop along the retentate flow channel), 

uniform velocity distribution, easy cleaning and maintenance, and low cost per unit 

membrane area (Berk, 2009). Different types of membrane configurations are flat-sheet, 

tubular, and hollow fiber (HF). Flat-sheet membranes may be wrapped into spiral-wound 

modules or used in a plate-and-frame configuration, both of which are common in 

membrane-based systems. In the spiral-wound configuration, two large sheets of 

membrane are heat-sealed on three sides and create a bag. A flexible spacer mesh or a 

porous support layer is inserted into the bag and forms a free space between the two 

membranes for permeate flow. The assembly is spirally wound and forms a cylindrical 

module. This type of membrane has high packing density which is 492-1247 m2/m3 and 

has high potential for fouling with difficult cleaning and moderate cost of manufacturing 

(Obotey Ezugbe & Rathilal, 2020). The plate-and-frame membranes are square and 

circular, arranged in vertical or horizontal stacks. These membranes cannot withstand very 

high pressure and are limited to MF and UF. The surface area to volume ratio of plate-and-

frame modules and the packing density is not high (i.e., packing density: 148-492 m2/m3 ) 

(Berk, 2009). They have high manufacturing cost and moderate potential for fouling 

(Obotey Ezugbe & Rathilal, 2020). The tubular membranes are hollow tubes and have 

membranes located on their surface. The tubes function as a supporting structure that has 

high porosity (Berk, 2009). Their packing density is 20-374 m2/m3 and it has a low 

potential for membrane fouling (Obotey Ezugbe & Rathilal, 2020). HF modules are made 

up of hundreds to thousands of fibers (Judd, 2010). They are more common due to their 
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advantages of higher packing density (i.e., packing density: 492-4924 m2/m3), higher 

membrane area per cubic meter of module bulk volume, and low cost of manufacturing. 

These membranes are capable of inducing movement by mechanisms such as bubbling, 

and have the feasibility of backwashing; therefore,  membrane fouling is reduced  

(Akhondi et al., 2017; Obotey Ezugbe & Rathilal, 2020).  

2.2.6.  Membrane Operation Mode 

Two major flow modes of membrane process are dead-end and crossflow filtration as 

shown in Figure 2.1(a-b). The retentate accumulates on the membrane during dead-end 

filtration, but during crossflow filtration, the permeate moves across membrane pores, and 

the concentrated retentate flows away throughout the membrane (Dickhout et al., 2017). 

Both flow configurations have their own set of benefits and drawbacks. The key drawbacks 

of dead-end filtration are substantial fouling and concentration polarization, demanding 

periodic interruptions of the process to clean or replace the membrane on a regular basis 

(De Morais Coutinho et al., 2009). In crossflow filtration, liquid flow is parallel to a 

membrane surface and pressure drop leads the suspended particles to be transferred across 

the membrane surface by permeate flow; this operation mitigates cake layer formation on 

the membrane surface (Akhondi et al., 2017).  
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Figure 2.1 (a) Dead-end filtration (b) crossflow filtration “adapted from (Judd, 2010)” 

Two operational modes have been used for two types of filtration such as constant flux and 

constant TMP as shown in Figure 2.2 (a-b) (Behroozi & Ataabadi, 2021). Throughout 

constant TMP, a sudden and fast decrease in flux occurs due to a high initial flux which 

can lead particles to be deposited on the membrane surface (Figure 2.2a) and form a dense 

cake layer followed by a slow flux decrease until a steady-state flux is achieved (Hussain, 

2019). During constant flux, membrane fouling is lower because the initial TMP is low, 

and then, increases linearly or exponentially during the filtration process and eventually, it 

can have a sharp increase of TMP (Figure 2.2b) (Field et al., 1995).  
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(a)      (b) 

 

Figure 2.2 (a) Constant TMP mode (b) constant flux mode”adapted from (Hussain, 2019)” 

  

2.3. Computational Fluid Dynamics (CFD) 

In 1996, the first revolution in the simulation of the membrane process was fulfilled by 

Rautenbach for the hybrid distillation/pervaporation process (Rautenbach et al., 1996). 

They reported the advantages of using the process simulator, including physical property 

models and databases, simulation of the process with recycling loops, and performing 

sensitivity analysis. Then, researchers found other benefits from simulation tools such as 

estimating the material and energy balance for the whole process  (Cao & Mujtaba, 2015), 

calculating parameters of the membrane by reducing the deviation of the model predictions 

from experimental data (Marriott & Sørensen, 2003), simulating, design, and optimizing 

of the whole process instead of a single membrane module (Ahmad et al., 2012), and 

decreasing experimental runs by the design of experiments (Galvanin et al., 2016). 

Therefore, there is a wide scope to enhance the use of simulation tools through chemical 

process in industry and academia.  
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CFD is one of the engineering systems utilizing mathematical modeling and numerical 

methods to investigate fluid flow challenges. The fundamental of CFD is based on the 

Navier-Stokes equations, explaining the fluid motion. The main benefit of CFD is being a 

reasonably priced technique to predict fluid flow and flow patterns without facing 

challenges of conducting a lot of experiments (Hussain, 2019). CFD speeds up process 

development, accelerates optimization of processes, and saves energy; therefore, it can be 

a promising approach to study different aspects of membrane filtration technology 

(Hussain, 2019). In this section, fundamentals of CFD modeling such as governing 

equations, initial and boundary conditions, and the applied methods have been discussed. 

Then, the application of CFD in membrane filtration technology and the related previous 

studies have been reviewed. Knowledge gaps and research hypothesis have been 

mentioned in the last section of this chapter. 

2.3.1. Governing Equations 

Continuity, momentum, and energy equations are the fundamental governing equations for 

fluid dynamics (Wendt et al., 2008). The conservation of mass and conservation of 

momentum (the Newton’s second law) are explained by Eqs. (2.7) and (2.8), respectively 

(Fimbres-Weihs & Wiley, 2010).  

( ) 0
p

u
t
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where ρ is the density of the fluid (kg/m3), u is the fluid velocity (m/s), µ is the fluid 

viscosity (Pa·s), p is the pressure (Pa), t is time (s), and f is body forces per unit volume 

(m/s2) (Ghidossi et al., 2006a; Blazek, 2015). Eq. (2.7) is a partial differential equation 

(PDE) type of the continuity equation. For an incompressible fluid (i.e., fluid whose 

volume or density does not change with pressure), the first term in Eq. (2.7) becomes zero 

and Eq. (2.9) can be written as follows.   

0
u

x


=


  (2.9) 

Eq. (2.8) (i.e., Navier-Stokes equation) is the description of the fluid flow for 

incompressible Newtonian fluid (i.e., the fluid with constant viscosity, and shear rate in 

this type of fluid is in direct proportion to shear stress) with considering the impact of fluid 

viscosity. For inviscid flow (i.e., the flow of the fluid with no viscosity), the dissipative 

transport phenomena of viscosity, mass diffusion, and thermal conductivity are negligible 

and the Euler equations (Eq. (2.10)) are used (Anderson, 1995). 
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  (2.10) 

Eq. (2.8) is also mentioned in a more general type by the conservation law of all fluid flow, 

as shown in Eq. (2.11) (Fasihi et al., 2012). 

( )
( ) ( )div u div grad S

t
 


  


+ =  +


  (2.11) 

where ø is a dependent variable and can be either scalar or vector. When ø is 1, the 

conservation of mass equation can be derived. When ø is equal to u, the equation is for the 

momentum conservation. Temperature and concentration of the fluid can be used as ø and 
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applied for heat and mass transport, respectively. Γø is a suitable coefficient for ø, this 

coefficient is calculated by Γø = ρD (D is diffusion coefficient) in mass transport equation 

and Sø is the source term (Cao, 2016). The actual type of conservation equation (integral 

form) is solved by CFD and is shown in Eq. (2.12). 

.( ) ( )
CV A A CV

dV n u dA n grad dA S dV
t

    


+ =   +
      (2.12) 

Transport equation is stated as the most generated and integrated form for time-dependent 

problems as shown in Eq. (2.13) (Cao, 2016).  

(2.13) 

 

where CV is control volume, V is volume, A is area, and t is time. 

2.3.2. Initial and Boundary Conditions 

A set of constraints to identify the solution of simulations are expressed as the initial and 

boundary conditions which are divided into three types based on the mathematical 

viewpoint; Dirichlet boundary conditions, Neumann boundary conditions, and Cauchy 

boundary conditions. Dirichlet boundary conditions specify the values of variables, 

whereas Neumann boundary gives values to the derivatives of variables at the boundaries. 

Cauchy boundary conditions identify the function values and the derivatives of variables 

at the boundaries. When boundary condition is wrongly used, it causes imprecise 

simulation and adversely affects the stability and the convergence speed (Pozrikidis, 2009; 

Cao, 2016). 

( ) ( )
t CV t A t A t CV

dV n u dA n grad dA S dV
t

    
   


+  =   +

       



23 

 

2.3.3. Numerical Methods 

Different numerical discretization approaches such as finite difference methods (FDM), 

finite element methods (FEM), and finite volume methods (FVM) have been used to solve 

PDEs that govern fluid flow (Keir & Jegatheesan, 2014). Table 2.1 shows the summarized 

explanation for each method (Keir & Jegatheesan, 2014; Cao, 2016). COMSOL 

Multiphysics interfaces use FEM to solve the constituent PDEs in an integral form. 

Unknowns are discretized as sums over a set of basic functions defined on finite elements, 

rather than by discretization of derivatives on a grid of points. The finite elements are 

assembled by creating a mesh, which is a tessellation on the geometry with triangles in 2D 

or tetrahedra in 3D. The main benefits of the FEM over the FDM are its adaptability to the 

complicated geometries and the simplicity of handling discontinuous gradients of a 

variable (Dickinson et al., 2014).  
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Table 2.1 Summary of discretization approaches (Keir & Jegatheesan, 2014; Cao, 2016) 

Method Base Formulation Mesh Boundary Condition 

FDM • Taylor 

series 

expansion 
(The 

differential 

form of the 

conservation 
equations) 

• Easy to be 

conceptually 

formulated 

• Must be in 

two or three 

dimensions 

• Curvilinear 
meshes 

should be 

transferred 

to structured 
Cartesian 

coordinates 

• More 

challenging 
to adjust 

complicated 

geometries 

• Neumann 

boundary 

conditions 
(i.e., 

derivatives of 

variables 

defined at 
boundaries) 

cannot be 

exactly 
imposed, 

only 

approximated 

FEM • The integral 
form of the 

conservation 

equations  

• Less straight 

forward 

• Easier to 
adjust 

complicated 

geometries 

• Possible to 
use non-

Cartesian 

coordinates 

and 
unstructured 

meshes 

• Neumann 
boundary 

conditions 

are precisely 

imposed. 

FVM • The integral 
form of the 

conservation 

equations 

• Able to be 
formulated 

according to 

FEM or 

FDM 

• Depends on 
formulation 

(FEM or 

FDM) 

• Neumann 
boundary 

conditions 

are precisely 

imposed. 

 

2.4. Application of CFD to Model Membrane Filtration Technology   

2.4.1. Simulating Free Flow  

Early simulation studies modeled free flow in channels with porous walls under laminar 

conditions to model the phenomena taking place inside membrane modules (Berman, 
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1953; Wah, 1964). Following that, Friedman & Gillis (1967) added the fluid viscosity to 

the computations to improve the model precision. The development of these models 

resulted in the investigation of laminar flow in a porous pipe with variable wall suction or 

variable radial mass flux. The applied method was solving the Navier–Stokes and 

continuity equations for a 2D or 3D steady and laminar flow of an incompressible 

homogeneous and Newtonian fluid with the maximum accuracy (Ghidossi et al., 2006b). 

Nassehi (1998) studied a technique to link the free flow model using the Navier–Stokes 

equations to the flow that passed through the membrane explained by the Darcy equation. 

This research was the initial step in establishing a complete model to decrease membrane 

fouling. Similarly, other studies suggested a model for the concentration polarization 

phenomenon along the membrane under different operating conditions (Damak et al., 

2004, 2005). Since then numerical simulation has been found useful to improve the mass 

transfer correlation in the membrane modules (Ghidossi, et al., 2006b). It was found that 

these studies are ground-breaking to model the fluid flow in the membrane processes under 

laminar conditions. The reported models have provided an opportunity to simplify existing 

theories and better understand the involved phenomena. In the following section, the 

simulation of oily wastewater as a two-phase fluid flowing along the membrane module 

has been specifically reviewed.  

2.4.2. Simulating Oily Wastewater Transfer 

In a system containing multiple phases, when a phase is distributed in another phase in a 

shape of small droplets, it will be complex to follow the interface of these droplets. Oily 

wastewater is an oil-in-water emulsion in which the droplets of oil are very small and are 
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dispersed in the water phase. Therefore, it is challenging to use CFD in order to investigate 

the transport of oily wastewater in membrane filtration technology (Zoubeik, 2018). These 

challenges include coupling fluid continuum and the membrane porous medium continuum 

since continua of fluid and porous media have various length scales, and variables are 

linked differently. In real-world applications, specific oil percentage passes through the 

membrane, and finding a suitable framework explaining the real permeate quality is 

another challenge in modeling of the permeation process. To address these challenges, 

previous studies used two techniques to investigate the transport of oily wastewater 

through the membrane module in CFD: (a) a micro-structure CFD modeling integrated 

with investigation of a single/multiple oil droplet movement inside the membrane pores, 

(b) assuming the membrane as a boundary section and simulating the concentration 

polarization (Zoubeik, 2018).  

In micro-scale investigations, the behavior of the oil droplets reaching the membrane has 

been studied through two factors; the threshold capillary pressure at which the droplet 

could pass through pores of the membrane and the CFV that moved the droplet off the 

membrane. As an example, Darvishzadeh & Priezjev (2012) conducted a numerical 

simulation using Navier–Stokes equation to study the effect of TMP and CFV on the entry 

dynamics of thin oil films and droplets of oil into the pores of various cross sections. They 

performed a comprehensive investigation of the oil droplet dynamics close to the pore 

entry in three different zones. Results showed that increase in CFV led the oil droplet to 

be deformed close to the entrance of the membrane pore and this increased the critical 

pressure of permeation. They also demonstrated a phase diagram for rejection, permeation, 

and breakup of oil droplets which were dependent on TMP and shear rate.  
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In addition, most previous studies investigated the impact of cake layer formation and 

concentration polarization on the performance of membrane and membrane flux when 

membrane was treating oily wastewater under the constant TMP. For example, Zare et al. 

(2013) performed a 2D CFD modeling in the MF technology to treat oily wastewater. They 

studied the impacts of Re on concentration polarization and oil concentration. Based on 

the results, increase in membrane flux occurred at higher TMP and Re, and lower feed 

concentration. However, their model could not predict the layer of concentration 

polarization accurately because they overlooked the interactions among droplets of oil and 

surface of the membrane and also the inter particle interactions of oil droplets. Asadi 

Tashvigh et al. (2015) carried out a study to predict the decrease of membrane flux in MF 

containing oily wastewater. To describe back-diffusion of oil droplets from the membrane 

surface to the bulk, a combination of molecular and shear-induced diffusion coefficient 

was used. The impacts of TMP and CFV on the precision of the model and various 

operational conditions on concentration polarization layer were investigated. They 

assumed 100% of rejection for filtration process and their model was capable to precisely 

predict the trend of membrane flux with time compared to previous studies. However, these 

studies did not consider pore blocking in their modeling approach. Behroozi et al. (2019) 

suggested a 2D CFD modeling to simulate pore blocking in the MF process and filled the 

knowlegde gap. Their study improved the precision of prediction about 15%. Results 

showed that with increasing inlet oil concentration from 1000 to 10000 mg/L, the 

maximum value of oil concentration on the membrane surface increased 9.68 times. In 

addition, the increase in CFV from 0.5 to 1.1 m/s caused the maximum thickness of 

concentration polarization layer to decrease 14%. These numerical studies provided  
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information about the membrane performance when the oily wastewater passes through 

the membrane module to investigate its impact on membrane fouling, concentration 

polarization, and flux decline under the constant TMP using a 2D CFD modeling. 

2.4.3. Simulating Hydrodynamic Conditions 

CFD has been used to determine, explain, and optimize the complicated hydrodynamics of 

membrane filtration systems generated by aerators, spacers, and geometry (Smith et al., 

2002; Tarabara & Wiesner, 2003; Koutsou et al., 2004; Cachaza et al., 2009; Bucs et al., 

2015; Karpinska & Bridgeman, 2018; Kim & Chung, 2019; Wang et al., 2021). One of the 

main hydrodynamic technique to reduce particle deposition on the membrane surface is 

bubbling, leading to an unsteady-state condition of shear at the surface of the membrane 

through turbulent eddies, fiber oscillations, particle scouring, and the recirculation of the 

reactor liquid (Akhondi et al., 2017). When aeration is added to the membrane filtration 

system, a gas-liquid two-phase flow should be considered in a model to generate 

hydrodynamic instabilities in the system affecting concentration polarization and sweeping 

away cake layer (Wibisono et al., 2014). This leads to increasing the membrane flux and 

improving the membrane performance under the constant TMP. This idea was developed 

by Smith et al. (2002), they simulated the role of aeration in UF process to understand and 

quantify membrane flux enhancement due to gas sparging. Their results showed that the 

flux enhancement was related to the increase in the mass transfer coefficient. Khalili-

Garakani et al. (2011) studied the impact of aeration flow rate on shear stress in a bench-

scale MBR and showed that the average shear stress on the surface of the membrane 

increased by increasing aeration flow rate. They reported that a better distribution of shear 
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stress was found by a homogenous distribution of air on the surface of the membrane. In 

addition, they reported that when the baffle angle in membrane tank changed from 90° to 

85°, the shear stress increased and membrane fouling decreased. This study showed that 

membrane fouling and membrane flux had a close relationship with the shear stress on the 

surface of the membrane and they were related to the shear stress of air and liquid flows. 

Similar studies investigated the hydrodynamics of MBR process at large scales, 

hydrodynamic characteristics of a full-scale MBR for municipal wastewater, and evaluated 

the mixing and energy of MBRs with different configurations (Kang et al., 2008; Wang et 

al., 2009; Amini et al., 2013). Yan et al. (2016) investigated the hydrodynamic behavior in 

a bench-scale MBR. They showed that the average shear stress was related to the aeration 

intensity and affected membrane fouling. They also mentioned that geometrical 

characteristics affected the hydrodynamics of an MBR, which was directly related to 

membrane fouling rate. Kim & Chung (2019) analyzed velocity distribution, shear stress 

between the membranes and baffle, and shear stress between the membranes in a bench-

scale membrane reactor. The results were validated by video imaging to capture the bubble 

pattern. The shear stress between the membrane and the baffle ranged from 0 Pa to 0.1 Pa 

at the 1/3 point from the bottom of the membrane module. This study also showed that the 

fluid velocities and the membrane surface shear stresses in the vicinity of membranes 

significantly affected membrane fouling. Recently, Wang et al. (2021) suggested a new 

aerator design for a free bubbling process in a bench-scale MBR. Simulations indicated 

that an aerator with an additional side nozzle was optimized to generate beneficial 

hydrodynamics. They used the aerator in a large-scale MBR with plate dimensions of 1800 

mm×490 mm×6 mm (L×W×H) with low energy consumption. The majority of the studies 
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did not evaluate the effect of aeration on hydrodynamic behavior of a pilot-scale membrane 

filtration system containing various types of oily wastewater without using biological 

processes. 

2.4.4. Simulating Treatment Process and Scale-up 

Previous studies used CFD to provide an understanding into the phenomena taking place 

inside the membrane modules (Damak et al., 2004, 2005; Parvareh et al., 2011; Keir & 

Jegatheesan, 2014; Bucs et al., 2014; Saeed et al., 2015; Completo et al., 2016; Ren et al., 

2020) and to improve the overall performance of this technology (Cortés-Juan et al., 2011; 

Saeed et al., 2012; Lotfiyan et al., 2014; Wang et al., 2019). In addition, studies simulated 

membrane filtration technology for treatment purposes; Vinther et al. (2014) simulated the 

UF process for dextran filtration using COMSOL Multiphysics based on the FEM. The 

model explained the flow of fluid and filtration process in HF membranes by solving the 

Navier–Stokes equation along with the continuity equation for both the solute and the 

solvent. The model was validated with experimental results of concentration in the 

permeate with a total error of less than 10-3. This model was capable of simulating velocity 

field, the concentration field, and the pressure field in the bulk solution of an HF tube. The 

impact of different factors such as inlet velocity, molecular weight, and TMP on removal 

efficiency was investigated. However, the modeling results showed higher concentration 

in the permeate compared to the experiments. The issue was due to a parameter that was 

assumed as a constant concentration on the surface of the membrane. This assumption was 

not acceptable and this parameter should have been fitted to each specific experiment. 

Maarefian et al. (2017) simulated the removal of COD in a bench-scale HF-MBR to treat 
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high saline refinery wastewater using 2D CFD. This model explained the diffusion in the 

axial and radial directions of HF along with the momentum transfer toward the tube and 

shell. It was validated by COD concentration in the permeate achieved by experimental 

results. The velocity and concentration profiles were evaluated to investigate the effect of 

operating parameters in removing COD. The simulation results showed that the model had 

7.35% relative error compared to the experimental results. However, previous modeling 

studies did not provide a comprehensive investigation of the membrane filtration system 

treating oily wastewater in pilot- and full-scale applications. In addition to investigating 

filtration, different CFD studies have upscaled the system. In membrane filtration, larger 

system dimensions (i.e., higher membrane surface area) lead to a higher treatment capacity 

as a result of the increase in the number of treatment sites (Mukherjee et al., 2016). 

Mukherjee et al. (2019) used equations of continuity, momentum, and convective-

diffusive-adsorption based solute transport for filtration through HF module. The 

governing equations were solved using FEM by COMSOL Multiphysics. The model 

parameters were evaluated using the experimental results associated with long-term 

filtration of synthetic chromium (VI) solution. The model predicted the long-term 

performance of the system in terms of throughput and removal efficiency of chromium 

(VI). The validated model was further used for simulation of a large-scale membrane with 

high breakthrough volume interrelating number and length of fibers with the operating 

conditions such as TMP and crossflow rate (CFR). Recently, an MBR containing two tanks 

such as an aerobic tank (i.e., a tank in which the biochemical reactions happen) and a 

membrane tank (i.e., a tank in which the final filtration takes place) to treat oily wastewater 

was simulated and upscaled. A mathematical model was developed to define reaction and 
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mass transport inside the MBR using COMSOL Multiphysics. The model was used to 

recognize the most favorable design and operation conditions for the degradation of oil 

and grease. This numerical simulation provided an appropriate understanding of the 

involved mass transport mechanisms in the membrane tank; this was obtained by 

predicting fluid velocity and the dynamics of the total mass flux and concentration in the 

tank with the relative error of less than 2%. This study was only useful for biological-based 

membrane filtration systems and considered the sludge rheology and the reaction between 

the solutes and microorganisms to treat oily wastewater (Sánchez-Vargas & Valdés-

Parada, 2021).  

2.5. Knowledge Gaps and Research Hypothesis 

Section 2.4 provided a comprehensive literature review about CFD modeling from 

simulating free flow to treatment process and scale up a membrane filtration system. 

Although different numerical research has been conducted on membrane filtration process, 

little information could be found simulating treatment of oily wastewater in a pilot- and/or 

large-scale membrane filtration system under the constant flux using 3D CFD modeling. 

The influence of aeration on the membrane fouling and identification of mechanism and 

hydrodynamic behaviour inside the pilot-scale membrane filtration systems containing two 

types of oily wastewater are other areas which has yet to be explored in detail. As a result, 

in this thesis the efficiency of oily wastewater treatment in a pilot-scale membrane 

filtration system under the constant flux using a 3D CFD modeling was investigated. In 

addition, the impact of aeration on membrane fouling and TMP changes was studied. The  

mechanism and hydrodynamic behaviour of the system as a result of aeration were also 
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identified. Finally, the validated model was used for scale-up to explore the capability of 

the system in a large-scale field application. The following chapter outlines the research 

methodology, which was implemented to address the research gaps.  
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3. CHAPTER 3   RESEARCH METHODS 

3.1. Experimental Setup  

The pilot-scale membrane filtration system consists of a membrane tank as shown in Figure 

3.1 (a-b) containing two hydrophilic PTFE-HF membranes. Air (gas phase) was provided 

through air diffusers promoting mixing inside the tank and decreasing membrane fouling. 

Aeration flow rates were considered at 4, 4.8, and 6 m3/h in various experimental runs. The 

synthetic oily wastewater was transferred to the membrane tank after being emulsified by 

a high-shear vertical mixer and it was considered a liquid phase in the modeling. Oily 

wastewater came in through the feed pump with a flow rate of 1500 L/h to the membrane 

tank to penetrate through the membranes where the filtration process happened and yielded 

a permeate flow of treated water. The filtration was conducted under the constant flux (i.e., 

in the range of 6 and 12 L/m2·h ) (Keyvan Hosseini et al., 2023). The permeate flow rate 

was calculated based on the membrane surface area of two membranes which is 12 m2 (i.e., 

72 and 144 L/h). The oil concentrations in the inlet of the membrane tank were 50 and 100 

mg/L.  
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Figure 3.1 (a) Exterior view and (b) interior view of the membrane tank 

3.2. Analytical Methods 

In this study, the concentration of oil in the effluent was analyzed using an ultraviolet-

visible (UV-Vis) spectrometry according to the methodology described in Zheng et al. 

(2015). The dynamic viscosity was measured by ASTM D7042 during the experimental 

runs. TMP as a function of the resistance of a fouling layer (Hussain, 2019) was monitored 

and recorded using a programable logic controller (PLC) (WE!NVIEW, China) during 

each run.  
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3.3. Theoretical Descriptions 

A 3D CFD model for the membrane system treating oily wastewater was developed 

utilizing COMSOL Multiphysics® (Version 6, COMSOL Inc.). Based on the dimensions 

of the experimental pilot unit, the 3D geometry of the model was designed for 

implementing the main governing equations. Proper boundary conditions were identified 

and mesh independence analysis was conducted. The developed model was then validated 

using available experimental data in corresponding conditions. The comprehensive model 

development procedures are explained in the following sections. 

3.3.1. Geometry Design  

Figure 3.2 shows the elements of the model geometry designed for the 3D CFD model, 

wherein the computational region is a rectangular geometry and has a dimension of 1.525 

m × 0.564 m × 0.4 m (H × L × W). The length, width, and height of each membrane module 

are 0.16 m × 0.14 m × 1.295 m, respectively. The packing of fibers in each HF membrane 

was considered a porous membrane module (Wang et al., 2010; Cai et al., 2016). The 

aeration system has 10 aerator pores at the bottom of the membrane tank to provide air 

bubbles in the membrane filtration system and the distance between aerator and the bottom 

of the membrane module is 98 mm.  
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Figure 3.2 3D geometry design in the CFD modeling 

 

The assumptions of the model are summarized as follows:  

• The solution in the membrane tank was completely mixed and the concentration, 

viscosity, and density were constant.  

• The differential pressure among the membranes did not lead to any variation in 

the membranes’ physical characteristics.  

• The pore structure of the membrane support was homogeneous and isotropic.  

• Flow through the membrane tank and inside porous membranes was laminar, 

incompressible, and isotropic. 
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• The liquid was assumed to be Newtonian and in this type of fluid the shear stress 

is directly proportional to the shear rate at a fixed temperature and pressure. 

Newton's law of viscosity defines the relation between shear stress and the rate 

of deformation which is expressed in Eq. (3.1) 

( )x
d

du
y

dy
  = − =  (3.1) 

 where   is the shear stress (Pa), µd is the dynamic viscosity (Pa·s), and  xdu

dy
 or Y   is the 

shear rate (1/s) (Islam & Hossain, 2021). The shear rate was measured by CFD in this 

study.  

3.3.2. Operational and Geometrical Parameters 

In this study, CLD as heavy crude oil and VLSFO as light crude oil were used. Properties 

of crude oils are reported in Table 3.1 according to the experiments and previous studies 

(Hamam et al., 1988; Mueller et al., 1997; Zheng & Price, 2012; Wang et al., 2014; Fang 

et al., 2015; Ebrahimi et al., 2015; The Pennsylvania State University, 2020). 

Table 3.1 Physical properties of two types of oils  

Parameter CLD VLSFO 

Dynamic Viscosity of Oil (25°C) (Pa·s) 0.331 0.0104 

Density of Oil (25°C) (g/cm3) 0.926 0.877 

API (°) 21.8 29.7 

Diffusion Coefficient of Oil in Water (m2/s) 8.9444e-9 1.1111e-8 

Diffusion Coefficient of Oil in Membrane (m2/s) 3.298e-16 1.2817e-14 
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The characteristics of oily wastewater are shown in Table 3.2. Oil droplet size analysis 

(i.e., using Mastersizer, United Kingdom) showed that the oil droplet size was less than 10 

µm, and therefore, oily wastewater is considered stable (Chakrabarty et al., 2008). Table 

3.3 shows the properties of the HF membranes (Sumitomo Electric, Japan) which were 

considered in the simulation. 

Table 3.2 Oily wastewater characteristics at 23 °C 

Oil Type Oil Concentration (mg/L) Viscosity (Pa·s) Density (g/cm
3
) 

CLD 50  0.0009989 1.02 

100 0.001044 1.02 

VLSFO 50 0.0009943 1.02 

100 0.0009970 1.02 

 

Table 3.3 Properties of membranes (POREFLONTM Module SPMW-11B6) 

Material Hydrophilic PTFE-HF Membrane 

Porosity 0.83 

Permeability 1.36e-10 m2 

Nominal Pore Size 0.08 μm (UF) 

Membrane Area 6 m2 

PTFE Density 2.16 g/cm3 

 

3.3.3. Fluid Flow Modeling in the Membrane Tank  

To obtain the concentration profiles in the membrane tank and membranes, the fluid 

velocity field is determined. The Navier-Stokes equation is used to model the flow of 

liquids with dispersed bubbles at low and moderate Re (Judd, 2010; Vera & Ruiz, 2012). 

In this model, the Navier-Stokes equation was used for the liquid phase to govern the oily 

wastewater motion in the membrane tank and it is seen as Newton's second law of motion 

for fluids (Konstantinos Dionysios, 2015) and the velocity of the bubbles is guided by a 
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slip model. A transport equation for the effective gas density was solved to achieve the 

volume fraction of bubbles. Momentum and continuity equations for liquid are shown in 

Eqs. (3.2) and (3.3), respectively. Eqs. (3.4) and (3.5) show a transport equation for the 

volume fraction of gas where (mgl) is the mass transfer rate from gas to liquid (Al-Abbasi 

& Shams, 2019).  

( ) ( ( ( ) ))Tl
l l l l l l l l l

u
u u pl u u g F

t
    


 +  =  − +  +  + + 
 (3.2) 

0l lu  =  (3.3) 

( )g g g glu m   = −  (3.4) 

,g g g eff  =  (3.5) 

where the indices l and g refer to the liquid and gas phases, respectively. The volume 

fractions of each phase are denoted by ø. ul is the fluid velocity, p is the fluid pressure, l

is the fluid density, and l is the fluid dynamic viscosity. In Eq. (3.2) terms correspond to 

the inertial forces (first and second terms), pressure forces (third), viscous forces (fourth), 

and external forces applied to the fluid (fifth and sixth). Eq. (3.2) was solved by the 

continuity equations for the liquid phase (Eq. (3.3)) and momentum equations for the gas 

phase (Eqs. (3.4) and (3.5)) (Konstantinos Dionysios, 2015). In Eq. (3.4), g g g   is 

associated with the convection term of gas phase and g g   is effective gas density.  

The difference between gas velocity and liquid velocity is slip velocity (Eq. (3.6)). The 

slip velocity was calculated by pressure-drag balance. As a result of buoyancy, bubbles 

rise through a liquid in the membrane tank, and therefore, pressure forces balance the 
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viscous drag forces (fD) on a gas bubble. The velocity between the two phases is governed 

by Eq. (3.7) and Eq. (3.8) (Hekmat et al., 2010). In this study, the average diameter of 

bubbles was assumed to be 4 mm, and hence, the drag coefficient (Cd) was solved by Eq. 

(3.9) which is based on Sokolichin, Eigenberger, and Lapin Model (Becker et al., 1994; 

Kuzmin & Turek, 2002). The surface tension used in the model was assumed to be 

negligible, because the radius of bubbles is large, meaning that the pressure difference 

inside and outside of the bubble is small (Zhang et al., 2015). Eq. (3.10) shows the Eotvos 

number (E0) used in the drag coefficient equation and demonstrates the ratio of 

gravitational force and surface tension force (Muradoglu & Tasoglu, 2010) where σ is the 

surface tension coefficient and bd  is the bubble diameter. 

g l slipu u u= +                                                                                                                                 (3.6) 

l Df  =                                                                                                                                    (3.7) 

3

4

t
D d slip slip

b

f C u u
d


= −                                                                                                                (3.8) 

(3.9) 

2

0
l bgp d

E


=                                                                                                                                   (3.10) 

The initial velocity of the liquid in three dimensions is 0 m/s. The initial effective gas 

density is 0 kg/m3 and the initial pressure is 0 Pa. The various gas and liquid boundary 

conditions are listed in Table 3.4. The feed flow rate is 1500 L/h and the fluid was assumed 

to be fully developed flow.  

0

0.622

1
0.235

dC

E

=

+
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Table 3.4 Boundary conditions used for solving the momentum equation 

Boundary 

Selection 

Liquid 

Boundary 

Condition 

Gas Boundary 

Condition 
Equation 

Air Inlet No-Slip Gas flux  
. 0lu n =

 
.

g g g g
n N N   − =  

Air Outlet No-Slip 
Gas Outlet 

(Outflow) 
0lu =  

Feed Inlet Flow Rate  No Gas Flux . 0
g g

n N − =
 

Feed Outlet Pressure No Gas Flux 
  0l K n p n− + = −  

. 0
g g

n N − =
 

 

where n is the vector normal to the boundary, K is a term related to viscous force, ul is fluid 

velocity, and 𝑁𝜌𝑔∅𝑔is the gas mass flux.  

3.3.4. Fluid Flow Modeling in the Membrane Modules  

The velocity of fluid flow in a membrane is governed by Darcy’s law (Yeh et al., 2005). 

Eqs. (3.11) and (3.12) show the continuity and Darcy velocity equations, respectively in a 

membrane (Yeh et al., 2005).  

( ) ( )p mu Q
t
  


+ =


                                                                                                              (3.11) 

(3.12) 

 

where 휀𝑝 is membrane porosity, p is the pressure,   and   are the fluid viscosity and 

density, respectively, g is the gravity acceleration, Qm is the momentum source term, and 

ĸ is the membrane permeability. In addition, membrane flux is indicated by Eq. (2.5) 

( )u p g





= −  +
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interrelating TMP, resistance, and fluid viscosity. In this study, resistance was affected by 

different operating parameters such as aeration flow rate, inlet oil concentration, permeate 

flow rate, and oily wastewater viscosity and measured based on experimental data 

(Jalilvand et al., 2014). Table 3.5 summarizes boundary conditions used in the modeling.  

Table 3.5 Boundary conditions used for solving the membrane-related equation 

Boundary Boundary Selection Liquid Boundary Condition Equation 

Inlet Membrane Surface Pressure p=p0 

Outlet Permeate Outlet  Permeate Velocity −𝑛 · 𝜌𝑢 = −𝜌𝑢0 

 

3.3.5. Mass Transfer in the Membrane Tank and Membrane Modules 

In the membrane tank, Eq. (3.13) describes the oil concentration distribution in the 

membrane tank. The material balance in the membrane tank is explained using a 

momentum equation (Eq. (3.13)), where Di is the diffusion coefficient of the oil in the 

water and u is the vector field explaining the flow velocity and ci is the oil concentration 

in the tank. It includes the accumulation term (first term), diffusion term (second term), 

convection term (third term), and the adsorption and desorption rate (Ri) (fourth term) 

(Petersson, 2020). 

( )i
i i i i

c
D c u c R

t




+ −  +  =                                                                                      (3.13)                                                                                     

For the membrane module, the mass transfer of oil in the membrane is also described by 

convection and diffusion terms as shown in Eq. (3.14). In Eq. (3.14), DD,i and De,i are the 

dispersion tensor and the effective diffusivity, respectively.  
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                                                          (3.14) 

To solve the mass transfer equations, inlet concentrations of oil for each run were used and 

boundary conditions are shown in Table 3.6. 

Table 3.6 Boundary conditions for mass transfer equations 

 

 

 

 

Hydrophilic or hydrophobic characteristics of the membrane and interfacial tension 

impacts, as a result of the interaction between membrane surface and oil droplets have been 

specified by capillary diffusion (Behroozi et al., 2019). In the present study, the contact 

angle between membrane surface and oil droplets is 122˚ which shows that the membrane 

is hydrophilic based on the manufacturing company. To consider the hydrophilicity of the 

membrane in this study, the term partition coefficient (Koil) was added to the module of 

mass transfer which indicates the ratio between oil concentration inside the membrane and 

outside the membrane (Figure 3.3) shown in Eq. (3.15) (COMSOL, 2022).  

_

_

oil inside

oil

oil outside

c
K

c
=                                                                                                                              (3.15) 

where Coil_inside is the oil concentration inside the membrane, Coil_outside is the oil 

concentration outside the membrane.  

Boundary Boundary Selection Boundary Condition Equation 

Inlet 1 Feed Inlet  Concentration 
0,i ic c=

 

Outlet 1 Feed Outlet  Outflow . 0i in D c =
 

Outlet 2 Permeate Outlet  Outflow . 0i in D c =
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Figure 3.3 Specified regions related to partition coefficient on membrane boundaries 

 

In this research project, the term partition coefficient was calculated based on the effluent 

oil concentration in various experimental conditions.  

3.3.6. Upscaling Approach  

Upscaling an oily wastewater treatment system using CFD simulation helps to successfully 

use the pilot-scale system for larger-scale applications. It is important that models are 

applicable at a larger-scale level because of the hierarchical nature of the system, and they 

should also be capable of capturing the essential information from the real current system 

(Sánchez-Vargas & Valdés-Parada, 2021). In this study, the derivation of mathematical 

models for the membrane filtration system based on the upscaling index was done. In this 

perspective, upscaling was used to indicate the systematic transferring of information from 

a specific scale level to a superior one (Sánchez-Vargas & Valdés-Parada, 2021). When 
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the current pilot-scale system was modeled and validated, it was used to upscale the oily 

wastewater filtration system. Upscaling index was defined as the ratio between the field 

throughput (10,000 L/h) and the maximum throughput of the current system (240 L/h). 

Eqs. (3.16) to (3.23) show the equations that were used to upscale the model. Throughout 

scale-up, based on the upscaling index, the volume of the membrane tank, number of the 

membrane modules and aerators were changed and simulated with the validated model.  

As shown in following equations, some built-in mathematical functions in the software 

were used. One of them is ceil, which is the “nearest following integer” and mostly it is 

written as “ceil (x)”. This function was used to set an upscaling index for the system (Eq. 

(3.16)). Also, this equation shows the number of units after upscaling based on the obtained 

ratio. Since the base of upscaling was a unit containing two membranes, number of units 

was multiplied by 2 to understand the number of membranes (Eq. (3.17)). Number of units 

in the x direction is shown in Eq. (3.18). The floor is another built-in mathematical function 

in the software. It is “nearest previous integer” and mostly it is written as “floor (x)”. Eq. 

(3.19) was used to measure the number of units in the y direction. To calculate width, 

length, and height of the membrane tank, Eqs. (3.20) and (3.21) were used, respectively. 

Membrane tank height was the same as the current system which was 1.525 m. Total 

number of aerators and aeration flow rate are shown in Eqs. (3.22) and (3.23), respectively. 

Based on the upscaling index, the feed inlets and outlets in terms of number and location 

were designed. Figure 3.4 and Figure 3.5 show the upscaled system containing 42 units 

with 84 membranes. The entire upscaled system has a 1.525 m × 2.204 m× 1.936 m size 

(H × L × W) which can be easily used for larger-scale applications.  
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_

max_ ( _ )

( )
field throughput

unit

throughput current system

Q
N ceil

Q
=                                                                            (3.16)                                                                           

2membrane unitN N=      (3.17) 

_ ( ( ))unit x unitN ceil sqrt N=                                                                                              (3.18) 

_ ( ( ))unit y unitN floor sqrt N=   (3.19) 

_ _ tanTan 2 ( 1) 4width width unit x w unit x dis cek Mem N S N Mem=  +  + −    (3.20) 

_ _ tanTan 2 ( 2 1) 2length unit y depth unit y dis ce dk N Mem N Mem S=   +  −  +   (3.21) 

_ _ _ _( ) 2aerator aerator y aerator x unit y unit xN N N N N=       (3.22) 

_aeration upscaled aeration unitQ Q N=    (3.23) 

where Qfield_throughput is the required field throughput, Qmax_throughput(current_system) is the 

maximum throughput of the current system, Nunit is total number of units, Nmembrane is total 

number of membranes, Nunit_x is the number of units in the x direction and Nunit_y is the 

number of units in the y direction, Tankwidth is the width of the membrane tank, Tanklength 

is the length of the membrane tank, Sw is the side gap in the x direction, Sd is the side gap 

in the y direction, Memdistance  is the distance between two membranes in a unit, Memdepth 

is the depth of the membrane, Memwidth is the width of the membrane, Naerator is the total 

number of aerators, Naerator_x is the number of aerators in the x direction and Naerator_y is the 

number of aerators in the y direction. Also, Qaeration_upscaled is the aeration flow rate in the 

upscaled system.  
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Figure 3.4 Geometry of the upscaled membrane filtration system from side view 
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Figure 3.5 Geometry of the upscaled membrane filtration system from top view
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3.3.7. Solution Methodology 

The governing equations were solved by COMSOL Multiphysics 6 using the FEM and 

Figure 3.6 shows the flow chart for CFD simulation and numerical modeling. The fluid 

flow module was used to obtain the liquid and gas velocity distribution in the membrane 

tank. The first phase of this study was conducted at an unsteady-state condition for fluid 

flow module in the membrane tank to investigate the hydrodynamics of the system with 

the passage of time. Various CFD runs showed that fluid flow in the membrane tank 

reached a steady state at a short simulation time; therefore, to reduce computation time, 

this module was solved at a steady state in the second phase. The achieved velocity from 

this module was used in the mass transfer module. The velocity of the fluid in the 

membrane was estimated by Darcy’s law in the membrane module and the achieved 

velocity was used in the porous media mass transfer module. After coupling three modules 

in three dimensions, the mass transfer module was solved in a time-dependent model, to 

understand the concentration of oil after the filtration process. 
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Figure 3.6 Flow chart of the CFD simulation and numerical modeling 

 

5
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3.4.  Model Validation  

3.4.1. Mesh Independence Analysis 

In this CFD model, free tetrahedral geometry mesh configuration was used to generate 

meshes using a mesh controlling parameter (Madadi Avargani & Divband, 2022). The 

higher numbers of grids offered superior solution accuracy. To test the precision of the 

results and save computation time and cost, a grid independence study was conducted 

which estimated the optimum simulation grid size for the simulation domain (Jalilvand et 

al., 2014). Predicted oil concentration in the effluent was checked for various grid sizes 

and utilized as a criterion to check mesh independency. It was compared with the effluent 

oil concentration achieved by experiments which are shown in Table 3.7. A qualitative 

representation of the generated mesh for membrane tank simulation with HP® CORE i7 

3.4GHz CPU and 16 GB of RAM is shown in Figure 3.7. The results reported in this study 

were obtained using a computational mesh for fluid dynamics with 396,364 domain 

elements. This mesh compared to finer meshes (476,414 domain elements), generated less 

than 2% average error in the results, which was adequately precise.  
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Figure 3.7 Qualitative representation of the generated mesh from (a) front view, (b) side view, (c) top 

view, and (d) side view magnifying the aeration section 

 

 

Table 3.7 Results of mesh independence analysis 

Test 

Samples 

Domain 

Elements 

Boundary 

Elements 

Edge 

Elements 

Relative Error 

(%)  

1 276,625 66,086 2,415 7.87 

2 342,530 78,734 2,606 5.95 

3 396,364 90,619 2,759 1.79 

4 476,414 104,373 2,918 1.65 
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3.4.2. Numerical Model Validation 

Eq. (3.24) was used as a criterion for model validation using oil removal efficiency. The 

relative error (RE) is described in the following equation. 

, _ , _

, _

100
oil removal Exp oil removal Model

oil removal Exp

E E
RE

E

−
=                                                                                           (3.24) 

where
, _oil removal ExpE  is oil removal efficiency achieved from experiments and  , _oil removal ModelE   

is oil removal efficiency obtained from the model. In addition to validation with oil 

removal efficiency, average TMP was analyzed during the experimental runs and 

compared with simulation results as calculated by Eq. (3.25).  

100
Exp Model

Exp

TMP TMP
RE

TMP

−
=                                                                                                    (3.25) 

where 
ExpTMP  is the average TMP achieved from experiments and  ModelTMP   is the average 

TMP achieved from the model. The relative errors in Table 3.8 for both oil removal 

efficiency and average TMP show that the simulation results have a good agreement with 

experimental data at various operating conditions with CLD and VLSFO; the errors were 

less than 5%. Hence, the proposed model is reliable and can be used for system parametric 

study. 
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Table 3.8 Results of numerical model validation with experimental data containing CLD and VLSFO (oil removal efficiency and average TMP) 

Run 
Type of 

Oil 

Inlet Oil 

Concentration 

(mg/L) 

Aeration 

Flow Rate 

(m3/h) 

Permeate 

Flow Rate 

(L/h) 

Oil Removal 

Efficiency 

(Experiment) (%) 

Oil Removal 

Efficiency 

(Model) (%) 

RE 

(%) 

TMP 

(Experiment) 

(kPa) 

TMP 

(Model) 

(kPa) 

RE 

(%) 

1 CLD 50 4.8 72 98.91 98.90 0.010 2.75 2.88 4.73 

2 CLD 50 6 72 94.48 94.62 0.148 2.53 2.61 3.16 

3 CLD 50 4.8 144 96.87 97.02 0.155 3.14 3.26 3.82 

4 CLD 50 6 144 90.68 90.38 0.332 2.99 2.99 0 

5 CLD 100 4.8 72 98.06 98.16 0.102 3.47 3.63 4.61 

6 CLD 100 6 144 91.19 90.75 0.483 3.5 3.66 4.57 

Mean       0.205   3.48 

7 VLSFO 50 4.8 72 98.97 99.02 0.051 2.55 2.61 2.35 

8 VLSFO 50 4.8 144 98.94 98.92 0.020 2.89 2.98 3.11 

9 VLSFO 100 4.8 72 99.11 99.15 0.040 3.23 3.37 4.33 

Mean       0.037   3.26 

 

5
5
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4. CHAPTER 4   RESULTS AND DISCUSSION 

4.1. Investigation of the System Hydrodynamics 

Aeration is one of the effective physical cleaning approaches to scour the membrane and 

reduce membrane fouling, leading to the changes on hydrostatic pressure along the surface 

of the membrane and affecting the behavior of local filtration (Braak et al., 2011; Li et al., 

2016; Bérubé, 2020). In this study, different hydrodynamic analyses have been conducted, 

and the impact of aeration on TMP was analyzed.  

4.1.1. Impact of Aeration Flow Rate on Gas Volume Fraction in the Membrane 

Tank 

In the present study, aeration flow rates were chosen in the range of 4.8, 6, and 6.8 m3/h 

and were analyzed for two types of oily wastewater containing CLD and VLSFO. Figure 

4.1 and Figure 4.2 show the changes in gas volume fraction based on numerical modeling 

at three aeration flow rates for two types of oily wastewater. The volume average operator 

was used to measure gas volume fraction in the membrane tank. In this system, gas entered 

the membrane tank from the aerators at the bottom of the membrane modules. As time 

passed, the profile grew and remained fixed after a while as shown in Figure 4.1 and Figure 

4.2. Based on Figure 4.1, when oily wastewater contained 100 mg/L of CLD after 25 s at 

the aeration flow rate of 4.8 m3/h and the permeate flow rate of 72 L/h, the average gas 

volume fraction was at about 2.50%, while at the same condition for VLSFO, it was at 

2.52% (as shown in Figure 4.2). For CLD with the aeration rate of 6 m3/h and the same 

permeate flow rate, the gas volume fraction reached 3.68% at 35 s, and then, had a stable 
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condition, while the fraction reached 3.8% at 35 s for VLSFO. The gas volume fraction 

obtained 5.4% and became steady for aeration flow rate of 6.8 m3/h and the same permeate 

flow rate after 60 s for CLD, whereas the gas volume fraction reached 5.6% at 60 s and it 

became steady after 67.2 s for VLSFO. It is obvious that increasing the aeration flow rate 

would increase gas volume fraction for both types of oily wastewater, which is in line with 

the observations in Soderberg's study (2014). The slight difference in gas volume fractions 

of two types of oily wastewater was associated with their difference in viscosity (Table 

3.2) and drag force. Xing et al. (2013) concluded that when the liquid viscosity was less 

than 0.01 Pa·s, the viscosity had a negligible effect on the bubble breakup rate and gas 

volume fraction which was confirmed by the results of the present study.  

 

Figure 4.1 Gas volume fraction vs. time at different aeration flow rates in the system containing CLD 

wastewater  
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Figure 4.2 Gas volume fraction vs. time at different aeration flow rates in the system containing 

VLSFO wastewater  

 

4.1.2. Impact of Aeration Flow Rate on Gas and Liquid Velocities in the Membrane 

Tank 

Figure 4.3 (a-c) shows the liquid velocity arrow plots in the membrane tank at 70 s for 

three aeration flow rates (4.8, 6, and 6.8 m3/h ) under a permeate flow rate of 72 L/h when 

the system treats oily wastewater at a concentration of 100 mg/L of CLD. The color of 

arrow plots shows the quantity of gas velocity in different regions of the membrane tank 

where oily wastewater was circulating. Gas velocity near the walls of the membrane tank 

had the lowest amount (1 m/s). The reason would be attributed to the large size of the 

bubbles (average diameter: 4 mm); Jiang et al. (2016) showed that bubbles with large 

diameters preferred to move toward the middle part of the tank which was associated with 

the impact of lift force. The bottom side of the membrane tank close to air spargers had the 
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highest amount (i.e., between 3.5-5.5 m/s). Gas velocity close to the surface of the 

membrane tank was between 2-3 m/s where the gas exits the membrane tank.  

 

Figure 4.3 Liquid velocity arrow plots as a function of aeration rate at aeration flow rates of (a) 4.8, 

(b) 6, and (c) 6.8 m3/h in the system containing CLD wastewater  

 

As the aeration flow rate increased from 4.8 to 6.8 m3/h, a circulating fluid flow with larger 

arrows was developed (as shown in Figure 4.3 (a-c)). In each figure, the whole fluid 

domain could be explained as a downward circulating flow region in the central domain 

above the aerator and the area close to the walls of the membrane tank. Previous studies 

obtained similar results and reported that as the gas flow rate increased, the system became 
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more unsteady (Akhondi et al., 2017; Bérubé, 2020) and most of the bubbles moved 

vigorously to the center of the tank. The down-flow of liquid close to the walls was proved 

by bubbles either flowing down or kept nearly stationary in that area (Torvik & Svendsen, 

1990; Delnoij et al., 1997; Ndinisa et al., 2006). The same results were observed for the 

system containing VLSFO wastewater.  

The changes in liquid velocities with time at various aeration flow rates were shown in 

Figure 4.4 and Figure 4.5 for two types of oily wastewater containing CLD and VLSFO, 

respectively. The volume average operator was used to measure liquid velocity in the 

membrane tank. When wastewater contained 100 mg/L of CLD at permeate flow rate of 

72 L/h, liquid velocities reached 0.81, 1.06, and 1.81 m/s for the aeration flow rates of 4.8, 

6, and 6.8 m3/h, respectively (shown in Figure 4.4). When wastewater contained 100 mg/L 

of VLSFO at the same permeate flow rate, liquid velocities reached 0.83, 1.09, and 1.87 

m/s for aeration flow rates of 4.8, 6, and 6.8 m3/h, respectively (shown in Figure 4.5). Both 

figures showed that liquid velocity for two types of wastewater became stable at 15, 25, 

and 28 s when aeration flow rates were 4.8, 6, and 6.8 m3/h, respectively. It was concluded 

that changing the type of oil did not have a significant influence on the liquid velocity 

condition and quantity since the difference in two types of wastewater viscosity and drag 

force were negligible. In addition, increasing the aeration flow rate led to an increase in 

the liquid velocity in two types of oil due to the agitation inside the tank generated by 

aerators; these results are similar to the observations of Brannock et al. (2010), Akhondi et 

al. (2017), and Du et al. (2017). 
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Figure 4.4 Liquid velocity vs. time at aeration flow rates of 4.8, 6, and 6.8 m3/h in the system 

containing CLD wastewater  

 

 

Figure 4.5 Liquid velocity vs. time at aeration flow rates of 4.8, 6, and 6.8 m3/h in the system 

containing VLSFO wastewater  
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4.1.3. Impact of Aeration Flow Rate on Shear Rate and Shear Stress of the 

Membrane Surface 

Figure 4.6 (a-c) shows the shear rate along the membrane treating CLD wastewater after 

reaching a stable condition. The surface average operator was applied for measuring the 

shear rate on the membrane surface. For an effective comparison of the plots, the maximum 

shear rate displayed in each plot has been fixed at 10 1/s. In this section, oil concentration 

(100 mg/L) and permeate flow rate (72 L/h) were constant and aeration flow rates were 

different. The shear rates ranged from 1 to 10 1/s and decreased between 4-8 1/s at a 

membrane module height of approximately 0.5 m in the middle of the membrane surface 

toward the top in Figure 4.6 (a-c). The top side of the membrane surface had a high shear 

rate (i.e., between 7-10 1/s), this was because of the quantity of gas velocity which was 

high in this area as shown in Figure 4.3 (a-c). The shear rate was higher when the aeration 

flow rate increased from 4.8 to 6.8 m3/h (i.e., Figure 4.6a compared to Figure 4.6c) and 

there was the same condition for another type of oily wastewater.  



63 

 

 

Figure 4.6 Shear rates along the membrane in a system containing CLD at three aeration flow rates 

of (a) 4.8, (b) 6, and (c) 6.8 m3/h 

 

In numerical modeling, the average shear rate and shear stress on the surface of the 

membranes at the aeration flow rates of 4.8, 6, and 6.8 m3/h were obtained for the 

wastewater containing CLD and VLSFO as shown in Figure 4.7 and Figure 4.8. Fukano & 

Furukawa (1998) reported that liquid viscosity significantly affected the gas-liquid 

interfacial structure and interfacial shear stress. Therefore, the slight difference in shear 

stress was due to the fact that the dynamic viscosity of wastewater containing CLD was a 

little higher than the wastewater containing VLSFO. At the same quantity of aeration flow 

rate and the consequent shear rate, when the viscosity was a little higher in the wastewater 
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containing CLD, the shear stress was higher compared to VLSFO wastewater as shown in 

Figure 4.8.  

 

Figure 4.7 Shear rate along the membrane in a system containing CLD and VLSFO at three aeration 

flow rates 

 

Figure 4.8 Shear stress along the membrane in a system containing CLD and VLSFO at three 

aeration flow rates 
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4.1.4. Impact of the Aeration on TMP 

Using air sparging improves the membrane performance specifically in terms of decreasing 

membrane fouling (Bérubé, 2020). The vigorous movement of fluid in the membrane tank 

as a result of aeration increases turbulence and provides a homogenous condition for the 

fluid in the membrane tank (Braak et al., 2011; Khalili-Garakani et al., 2011). Aeration 

generates high shear forces that dislodges the foulants from the membrane surface in the 

membrane tank and mitigates membrane fouling (Wang et al., 2009; Bérubé, 2020). This 

was confirmed by numerical results; the effect of increasing aeration flow rate on average 

TMP under unsteady-state conditions was investigated and the time average quantity of 

TMP was shown in Figure 4.9 and Figure 4.10 for two types of wastewater containing 

CLD and VLSFO, respectively. The figures show the average TMP for aeration flow rates 

in the range of 4.8 to 6.8 m3/h, the permeate flow rate of 72 L/h, and inlet oil concentrations 

in the range of 35 to 300 mg/L, for two types of oil. Figure 4.9 and Figure 4.10 show that 

TMP had mostly linear downward trends with increasing aeration flow rate in both types 

of oil similar to the results obtained by Wang et al. (2009) and Braak et al. (2011). This 

decrease was attributed to the cake layer thickness accumulated on the membrane surface 

that was removed gradually by an increase in aeration flow rate. The slope of TMP 

reduction vs. aeration flow rate in VLSFO was more than that of CLD (shown in Figure 

4.10). This difference in both types of oil was associated with the physical properties of oil 

such as viscosity and molecular weight. They were less in light crude oil (i.e., VLSFO) 

and aeration flow rate could more easily sweep the light crude oil from the membrane 

surface and decreased the quantity of cake layer accumulated on the membrane surface. 
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Figure 4.9 TMP vs. different aeration flow rates at various inlet concentrations of CLD 

 

Figure 4.10 TMP vs. different aeration flow rates at various inlet concentrations of VLSFO 
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4.2. System Parametric Study 

4.2.1. Impact of Inlet Oil Concentration on the System Performance  

The effect of increasing inlet oil concentration on effluent oil concentration and average 

TMP under unsteady-state conditions for two types of wastewater containing CLD and 

VLSFO was analyzed and the time average quantity of each parameter was shown in 

Figure 4.11 and Figure 4.12. These figures show the predicted effluent oil concentration 

and average TMP for inlet oil concentrations in the range of 30 to 390 mg/L, the aeration 

flow rate of 4.8 m3/h, and permeate flow rate of 72 L/h for two types of oily wastewater 

during 6 hours of operation. Based on the results in Figure 4.11, the effluent oil 

concentration in the CLD wastewater changed from 0.3132 to 42.24 mg/L for an inlet oil 

concentration in the range of 30 to 390 mg/L. Average TMP varied in the range of 2.69 to 

20.26 kPa. Figure 4.12 shows the changes in the effluent oil concentration for VLSFO 

which were from 0.145 to 19.564 mg/L for an inlet oil concentration in the range of 30 to 

390 mg/L and the average TMP increased from 2.29 to 19.6 kPa. Results showed that 

increasing inlet oil concentration to 270 mg/L met MARPOL 73/78 regulation when oily 

wastewater contained CLD, while in the VLSFO wastewater increasing oil concentration 

to 330 mg/L met MARPOL 73/78 regulation. By increasing inlet oil concentration from 

30 to 390 mg/L, the oil removal efficiency was reduced from 98.96% to 89.17% for runs 

with CLD and in runs with VLSFO, it decreased from 99.5% to 94.98%. The possible 

reason was when the inlet oil concentration increased, the fouling formation on the surface 

of the membrane intensified, and as a result, the TMP increased. The more oil 

concentration was in the influent, the more oil concentration passed through the membrane 
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and when the concentration was high, the hydrophilic characteristics of the membrane 

could not impede the accumulation of oil on the membrane surface due to the decline in 

repulsion capability of the membrane, and consequently, the removal efficiency reduced 

(Kayvani Fard et al., 2018). These results are in line with Janknecht's et al. (2004) research 

who used polymeric UF and MF membranes to treat industrial cutting oil. They showed 

that increasing inlet oil concentration decreased the quality of permeate (Janknecht et al., 

2004).  

 

Figure 4.11 Effluent oil concentration and TMP vs. various inlet oil concentrations in the system 

containing CLD wastewater  
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Figure 4.12 Effluent oil concentration and TMP vs. various inlet oil concentrations in the system 

containing VLSFO wastewater  

 

4.2.2. Impact of Permeate Flow Rate on the System Performance 

Figure 4.13 to Figure 4.16 show the effect of increasing permeate flow rate on effluent oil 

concentration and average TMP under unsteady-state conditions for two types of 

wastewater containing CLD and VLSFO. The figures show the effluent oil concentration 

and average TMP for permeate flow rates of 48, 72, 144, 216, 240 L/h, aeration flow rate 

of 4.8 m3/h, and oil concentrations of 35, 50, 65, 80, 95, 110, 200, 300 mg/L for two types 

of oil. Based on the results, with an increase in the permeate flow rate the removal 

efficiency decreased and this reduction was more significant for higher oil concentrations 

such as 200 and 300 mg/L and at higher permeate flow rates as shown in Figure 4.13 and 

Figure 4.15. The decrease in the removal efficiency would be due to the higher convective 
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movement of oil particles through the membrane since high convective transport led to 

high surface tension forces between water and oil (Bird et al., 2002). Therefore, high oil 

movement across the membrane led to rapid transport of oil through the membrane. 

Tanudjaja et al. (2019) reported a lower permeate flow rate improved oil removal 

efficiency and permeate quality which was similar to the results of this study. Increasing 

inlet oil concentration caused more oil concentration to pass through the membrane. Oil 

removal efficiency significantly decreased due to the decrease in repulsion capability of 

the membrane as a result of the hydrophilic feature of the membrane that could not impede 

the oil accumulation on the membrane surface with the increase in oil concentration 

(Kayvani Fard et al., 2018). Comparing oily wastewater containing VLSFO with CLD 

wastewater, the concentration of effluent was lower than that of CLD as shown in Figure 

4.13 and Figure 4.15. In addition, average TMP increased with increasing permeate flow 

rate in Figure 4.14 and Figure 4.16 similar to the results achieved by Germain et al. (2005). 

Because at higher permeate flow rates, pressure at two sides of the membrane increased 

based on Darcy’s law. The changes of TMP were slightly lower in VLSFO than CLD due 

to the physical properties of the light oil as shown in Figure 4.16.  
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Figure 4.13 Effluent oil concentration vs. different permeate flow rates at various inlet 

concentrations of CLD 

 

 

Figure 4.14 TMP vs. different permeate flow rates at various inlet concentrations of CLD 
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Figure 4.15 Effluent oil concentration vs. different permeate flow rates for various inlet 

concentrations of VLSFO 

 

 

Figure 4.16 TMP vs. different permeate flow rates for various inlet concentrations of VLSFO 
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4.3. Investigation of TMP within 24-Hour Operations 

This model was capable of predicting TMP for long-time operations; Figure 4.17 and 

Figure 4.18 show the changes of TMP in different inlet oil concentrations within 24 hours 

of filtration for two types of oily wastewater. TMP reached 38.91, 44.87, 50.12 kPa when 

the inlet oil concentrations for CLD were 45, 75, 95 mg/L, respectively which showed the 

need for chemical cleaning to restore the membrane permeability (Figure 4.17). This was 

due to the fact that at the constant membrane flux during long-term filtration process, the 

convection of foulants did not reduce and membrane fouling self-accelerated and led to a 

sharp increase of TMP (Le-Clech et al., 2006). Tummons et al. (2017) mentioned that at 

the beginning of the filtration, the deposited droplets partially blocked the pores of the 

membrane. When the filtration continued, more and more oil droplets were collected on 

the membrane surface and formed a cake layer. Since the droplets of oil were deformable, 

the consequent cake layer was firmly formed and created high resistance toward water 

permeation. TMPs were 34.098, 42.62, 49.40 kPa as shown in Figure 4.18, when the inlet 

oil concentrations for VLSFO were 45, 75, 95 mg/L, respectively. Lower increase in TMP 

for the system containing VLSFO would be related to the higher viscosity of CLD 

compared to VLSFO. The increase in TMP after 24 hours showed the requirement of 

chemical cleaning when TMP reached 40 kPa.  
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Figure 4.17 TMP vs. time for various inlet concentrations of CLD 

 

 

 

Figure 4.18 TMP vs. time for various inlet concentrations of VLSFO 
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4.4.  Upscaling the System 

Figure 4.19 shows the oil concentration in the effluent during the filtration time for 

different inlet oil concentrations of CLD and VLSFO. When oil concentration increased 

from 25 to 255 mg/L, the oil concentration in the effluent increased from 0.73 to 36.5 mg/L 

for CLD and from 0.34 to 17.15 mg/L for VLSFO as shown in Figure 4.19. The upscaled 

system met the MARPOL 73/78 regulation when the inlet oil concentration was up to 175 

mg/L for CLD and 235 mg/L for VLSFO since the oil concentration in the effluent was 

14.59 and 13.81 mg/L for CLD and VLSFO, respectively (shown in Figure 4.19). The oil 

removal efficiency in the upscaled system was achieved above 91% for different oil 

concentrations which showed the capability of the upscaled system to operate under 10,000 

L/h and treated oily wastewater containing CLD and VLSFO during a 60-minute filtration. 

Figure 4.20 shows the average TMP changes in both types of oily wastewater with 

increasing oil concentration. It was observed that the average TMP had a slight difference 

in two types of oil, and it increased from 3.51 to 11.19 kPa for CLD and from 3.085 to 

10.79 kPa for VLSFO as shown in Figure 4.20. This slight difference in average TMP 

changes would be due to a slight difference in the oily wastewater resistance against the 

flow which was attributed to viscosity. 
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Figure 4.19 Effluent oil concentration vs. different inlet oil concentrations in oily wastewater 

containing CLD and VLSFO in the upscaled system 

 

 

Figure 4.20 TMP vs. different inlet oil concentrations in oily wastewater containing CLD and 

VLSFO in the upscaled system 

 

MARPOL Limit 

MARPOL Limit 
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The effect of changing aeration flow rates on the average TMP for both light and heavy oil 

with inlet oil concentration of 95 mg/L was shown in Figure 4.21. This Figure shows that 

the decrease of TMP in VLSFO was more than that of CLD with increasing aeration flow 

rate. The low viscosity, density, and molecular weight of VLSFO caused foulants to be 

better removed from the membrane surface and TMP decreased more significantly which 

similarly obtained by Ghosh (2006).  

 

Figure 4.21 TMP vs. aeration flow rates for oily wastewater containing CLD and VLSFO in the 

upscaled system 

 

In addition, the changes of TMP were investigated for both types of oily wastewater as 

shown in Figure 4.22 and Figure 4.23 for 24 hours. TMP rose to 39.79, 45.75, and 51 kPa 

for CLD in Figure 4.22 and 34.95, 43.48, 50.27 kPa for VLSFO in  Figure 4.23. Yusuf et 

al. (2016) reported that in a long-term operation, total filtration performance was affected 

by the incremental filtration resistance as a result of the compact formation of fouling layer 
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on the surface of the membrane which led to a complete blockage of the membrane pores. 

The increase in TMP after 24 hours showed the requirement of chemical cleaning when 

TMP reached 40 kPa.  

 

Figure 4.22 TMP vs. time for various inlet concentrations of CLD at permeate flow rate = 10,000 L/h 

during 24 hours 
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Figure 4.23 TMP vs. time for various inlet concentrations of VLSFO at permeate flow rate = 10,000 

L/h during 24 hours 
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5. CHAPTER 5   CONCLUSION 

5.1. Summary and Conclusion 

This study simulated a pilot-scale membrane filtration system to treat oily wastewater 

under the constant flux using a 3D CFD model and investigate the effect of inlet oil 

concentration and permeate flow rate on oil removal efficiency and TMP during filtration 

process. In addition, the effect of aeration flow rate on TMP was assessed and the 

mechanism and hydrodynamic behaviour of the system were evaluated with two types of 

oily wastewater which has been challenging to determine in a real-world application. 

Upscaling investigation was also conducted to explore the capability and potential of the 

system as an onsite treatment technology for oil spill response operations through CFD 

modeling and this can save cost and energy for oil spill response team due to reducing the 

number of experimental runs.  

The geometrical and operational parameters were used to design the 3D CFD model and 

governing equations related to fluid flow module, Darcy’s law, and mass transport were 

determined and solved using the FEM in COMSOL Multiphysics. The model validation 

was fulfilled by oil removal efficiency and average TMP obtained by the experiments for 

each wastewater and the validated model was used for system parametric study and 

upscaling. To achieve the liquid and gas velocity distribution in the membrane tank, the 

fluid flow module was used. The first part of this study was conducted at an unsteady-state 

condition to investigate the hydrodynamics of the system. Following that, different CFD 

runs were conducted and showed that fluid flow in the membrane tank reached a steady 

state at a short simulation time. Therefore, this module was solved at a steady state in the 
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second part of the study to reduce computation time. The achieved velocity from the fluid 

flow module in the membrane tank was used in the mass transfer module. The velocity of 

the fluid in the membrane was estimated by Darcy’s law in the membrane module and the 

achieved velocity was used in the porous media mass transfer module. After integrating 

three modules in three dimensions, the mass transfer module was solved in a time-

dependent model to investigate the effluent oil concentration and TMP. This study was 

also conducted for 24-hour operations to predict TMP changes during the filtration time.  

The obtained results from the proposed model were in a good agreement with the 

experimental results with a relative error of less than 5%. Results showed increasing inlet 

oil concentration to 270 mg/L met MARPOL 73/78 regulation when oily wastewater 

contained CLD, while in the wastewater containing VLSFO, increasing oil concentration 

to 330 mg/L met MARPOL 73/78 regulation. Increasing initial oil concentration increased 

TMP due to membrane fouling, and consequently, greater resistance occurred in the path 

of permeate transportation through the membrane. Aeration decreased TMP and reduced 

membrane fouling due to generating high shear force against the membrane and removing 

the foulants from the membrane surface. The developed model was further used to upscale 

a pilot-scale membrane filtration system for larger field-scale applications. The upscaled 

system was capable of treating 10,000 L/h of oily wastewater with the oil removal 

efficiency of more than 91%. Results demonstrated that the upscaled system met the 

MARPOL 73/78 regulation when the inlet oil concentration was up to 175 mg/L for CLD 

and 235 mg/L for VLSFO. In addition, the investigation of 24-hour filtrations showed the 

increase in TMP and the requirement of chemical cleaning to restore the membrane 

permeability during the filtration operation. The application of the upscaled system in oil 
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spill response will increase the capacity and improve the efficiency of oil spill response 

operations by increasing the space on storage barges and reducing the number of trips to 

shore.  

5.2. Recommendations 

The following recommendations will help to improve the investigation for future research. 

• Since membrane fouling is a challenging issue in the membrane filtration 

technology treating oily wastewater, integrating backwashing and air scouring in 

the membrane cleaning process and modeling them is recommended. In addition, 

investigation and visualization of the fouling layers on the membrane surface in 

a pilot-scale membrane filtration system is suggested to understand what is 

happening on each layer of the membrane during the filtration process.  

• Considering the impact of air bubble diameter changes with increasing aeration 

flow rate on membrane fouling and oil removal efficiency during filtration time 

in the pilot-scale membrane filtration system is recommended. 

• Investigating the effect of feed outlet location on flow condition and 

hydrodynamic mechanism inside the membrane tank can be useful. It is 

recommended that feed outlet is placed on top of the membrane tank and the 

results compare with the previous achieved results. 

• In a system equipped with HF membranes, each hollow fiber is vibrated as a 

result of aeration, and this can affect the performance of the membrane to treat 

oily wastewater. Therefore, considering the hollow fibers would be helpful to 

achieve a better understanding of a system performance and efficiency.  
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