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Abstract

This study explores the filtration performance of hollow fiber hydrophobic ceramic membranes for treating oily wastewater in petroleum, chemical, and food
industries using 3D simulations in COMSOL Multiphysics. The model simulates water as the continuous phase and oil as a dispersed phase with a
concentration of less than 4%. The governing equations are based on Eulerian multi-phase flow theory, Darcy's Law, and the porous media model, solved using
the finite element method. Key parameters affecting membrane separation performance, including velocities, cake thickness, and permeate concentration, are
analyzed across different injection flow rates, transmembrane pressures, oil concentrations, and size distributions. Results indicate that increasing the
permeation pressure increases the oil concentration in the permeate, resulting in a thinner, denser oil layer. A higher injection flow rate and oil concentration
also lead to increased permeate oil concentration. The simulation results align well with laboratory data, demonstrating the effectiveness of the chosen.
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1. Introduction

Oil-contaminated water is one of the most common pollutants released into the
environment by various industries, such as petroleum refining, petrochemicals,
and manufacturing [1, 2]. Therefore, understanding the oil-water separation
process is crucial for both industrial applications and environmental protection
[3, 4]. According to the North-East Atlantic Convention for the Protection of the
Marine Environment, the annual limit for oil discharge into the sea is 40 mg/L
[5]. At this low concentration, where the oil droplets are very small, the process
of separating oil from water becomes more complex, particularly for droplets
smaller than 20 um [6, 7].

Several conventional methods, including biological, chemical, physical, and
physicochemical techniques [8], as well as nanofibril [9-11] and membrane
filtration methods [12], are commonly employed to treat oily water [13].

Membrane materials are increasingly important in both industrial and
everyday applications, particularly in water purification, desalination, and
energy conversion [14]. The first efforts to purify oily water using membranes
date back to the early 1970s [15]. Due to several advantages of membrane
treatment, such as operational simplicity, low energy costs, long lifespan, high-
quality permeate, no need for chemicals, biological stability, and resistance to
high temperatures, membrane filtration has garnered significant interest from
researchers over the last two decades [16]. However, challenges such as reduced
permeate flow and the formation of polarization layers, caused by pore
sedimentation, remain significant issues in membrane usage [7].

To better understand the performance of membrane contactor systems and the
factors affecting their efficiency, numerous experimental [6, 17], mathematical
[16], and numerical [18-20] studies have been conducted under both hydrophilic
and hydrophobic conditions [3, 8, 9, 11, 12, 21-24]. These studies aim to
provide insights into two-phase filtration systems, specifically oil-water
filtration with membranes.

Due to limited laboratory equipment, the high costs of laboratory research, and
the increased accuracy of advanced simulation tools, researchers are
increasingly turning to simulation methods for studying membrane contactors.
Computational fluid dynamics (CFD) has become a crucial tool for simulating
flow in various systems [15]. Using CFD techniques, conservation equations,
such as continuity, energy, and momentum balance equations, are solved
numerically.

For simulating membrane contactors, the finite element method is commonly
used to solve governing equations for species in all phases. Various membrane
shapes, such as flat plates [7], circular or tubular membranes [13, 20], and
annular membranes [16, 25], have been modeled in both two-dimensional [13,
25-28] and three-dimensional [5, 15] geometries.

In the literature, different simulation methods have been used for two-phase
filtration through membranes, including the projection level set method, the
volume of fluid method, and the population balanced model [29]. The
resistance-in-series method is frequently employed to determine mass transfer in
membrane contactors and to predict phase-specific mass transfer coefficients
under steady-state conditions [30].

For CFD and numerical simulations of membrane contactors, ANSYS [13, 20,
29, 31] and COMSOL Multiphysics [29, 32-35] are two widely used tools.
Several studies [19, 36] suggest that a combination of the Navier-Stokes and
continuity equations, along with "Film Theory" based on rejection and
permeation flux, results in more accurate flow patterns and pressure fields.

For simulating membrane contactors, axial diffusion is typically neglected for
simplicity. For the gas-liquid and liquid-liquid interfaces, researchers have
applied non-wetting conditions [13, 32, 37, 40] or partial and complete wetting
conditions [41] as boundary conditions for membrane walls.

Most experimental and numerical investigations of membrane contactors focus
on polymer [42] and ceramic membranes [13] in laminar flow regimes [16, 29,
43] as well as turbulent conditions [15].

This article presents a numerical study on the performance of an annular
membrane filtration system for oil-water separation under steady-state, laminar
flow conditions in a 3D simulation. The study uses the "Euler-based multiphase"
model combined with Darcy's law, the "Free and Porous Media" boundary
model, and the "Transport of Dilute Species" model, solved using COMSOL
Multiphysics. This is the first application of this approach to simulate an annular
hydrophobic ceramic membrane, investigating the effects of inlet flow rate and
membrane diameter on performance. The resistance-in-series theory is applied
to determine the local permeation rate for two-phase flows.

2. Theory

2.1. Module geometry

This study focuses on the modeling and performance simulation of oily water
separation using an annular membrane tube, modeled with COMSOL
Multiphysics. The inner diameter of the membrane was 0.03 m, with a thickness
of 0.001 m and a length of 0.3 m. Surrounding the membrane, a shell with an
inner diameter of 0.05 m was used to collect the separated oil. The system
exhibits axial symmetry. The feed consisted of a mixture of water, acting as the

continuous phase, and oil, the dispersed phase. The oil's density was assumed to be
850 kg/m?, and its viscosity was set at 0.00332 kg/m-s.

2.2. Governing equations

The mathematical model used to describe the water/oil flow inside the annular
membrane system consists of the governing equations: the mass conservation
equation [Eq. 1], the momentum conservation equation (Navier-Stokes) [Eq. 2],
and the mass transport equation (Darcy’s Law) [Eq. 3] [39]. All equations are
formulated in Cartesian coordinates. In this study, water is considered the
continuous phase, while oil is treated as the dispersed phase.
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Where p is the density, u is the viscosity, and U is the velocity vector, defined as
follows:

U= (ulxyz2),v(xyz),wy,z) 4

Where u, v, and w are the velocity components in the x, y, and z directions,
respectively; C is the solute (oil) concentration; and Das is its mass diffusivity,
assumed constant for a fixed Schmidt number (Sc), as follows:
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For water, as the continuous phase, the numerical solutions of the mass [Eq. 1]
and momentum [Eq. 2] conservation equations (Navier-Stokes), as well as the mass
transport equation [Eq. 3], were used to describe the dominant inflow
hydrodynamics [44]. The mixture formulation of the governing equations, based on
Eulerian multiphase flow theory and relative velocity, was applied to the emulsified
oil micelles in the dispersed phase, as follows:
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Where n is the number of phases (in this case, two phases), Um, pm, and pm
represent the mass-averaged velocity, density, and viscosity of the mixture,
respectively. ax is the volume fraction of phase k, with the subscript w referring to
water as the continuous phase and o representing oil as the dispersed phase. varp is
the drift velocity, Ck is the mass fraction for phase k, and vow is the relative
velocity. 7o is the particle relaxation time, do is the mean particle diameter, farqg is
the drag coefficient, F is the body force, and a is the acceleration. The time-
dependent terms were neglected in this study due to the steady-state condition of
the problem. Through the porous wall, the radial velocity v is equal to the
permeation velocity w, as follows:
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The transmembrane pressure AP or TMP in Equation 18 is defined as the
difference between the mean permeate pressure, P,, and external pressure Pex.
TMP =AP =P, — P, (20)

In Equation 18, R is considered as the total resistance of the system and is
equal to the summation of the membrane resistance (Rm) and concentration

polarization resistance (Rp) defined as the following equations:
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K is the permeability, e is the thickness of the membrane, ) is the thickness
of the concentration layer, and r, is the resistance of the system, assuming the
concentration layer is homogeneous. This parameter is defined by the Carman-
Kozeny equation, as follows:
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Where &, is the porosity of the polarization layer by concentration (equal to
0.35), and dp is the mean diameter of the solute particles (Oil). The local
variation of the polarization boundary layer thickness can be determined by
Equation 24 as follows:
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Where d: is the internal diameter, z is the axial coordinate along the
membrane, Re is the axial Reynolds number, Rew is the Reynolds number at the
wall permeate, and Sc is the Schmidt number.

2.3. Boundary conditions

In this problem, the system was divided into three zones: A, B, and C, as
shown in Figure 1. The feed was considered to be premixed and homogeneous,
with the same velocity assumed for both the continuous and dispersed phases.
For simulation, the boundary condition at the inlet was defined by the oil
concentration CO, with a uniform volume fraction of the dispersed phase. The
radial velocity was assumed to be zero, in consideration of fully developed flow
in the inlet section (z=0) of the membrane. The following equation describes the
axial velocity:
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Where y, R, and U represent the radial coordinate, the internal radius of the
tubular membrane, and the average velocity, respectively. At the feed channel
outlet section (Z=L), the pressure was assumed to be equal to atmospheric
pressure (1 atm) for both phases.

By neglecting axial diffusion in the membrane and considering symmetry
conditions at y=0, the following equations were assumed for the simulation:
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Figure 1 is the geometry work which was done in COMSOL Multiphysics for
an annular membrane which used in this study. In this study, the no-slip
boundary condition was considered for all walls and the membrane interface.
Feed, as a mixture of water and oil droplet is injected into the tube from the left

side of the membrane. Water passes along the tube, and oil permeates through the
porous membrane as the product. Simulations are done for a hydrophobic
polyvinylidene fluoride (PVDF) membrane with 70% porosity and a PVDF water
diffusion coefficient equal to 8.71e™'! m%s. The oil-in-water emulsion is considered
as the injection phase. oil density and viscosity are intended to be 850 kg/m* and
0.00332 kg/m.s, respectively. As discussed before, in this study, the feed channel is
30 x 3 x 0.1 cm in height, diameter, and thickness, respectively. The permeate
channel has the same shape with a 5 cm inside diameter. The feed is a mixture of
water as the continuous phase containing emulsified oil as the dispersed phase in
the form of micelles. Figure 2 is a 3D mesh work generated by the use of Comsol
Multiphysics for the tubular membrane.

3. Results and discussion

3-1- continuous phase velocity

Figure 2 depicts the velocity magnitude of water as the continuous phase within
the feed channel, membrane, and permeate channel of the membrane contactor
under conditions of Re=500, TMP=1 bar, and an oil concentration of 500 ppm. The
oil-water mixture, characterized by a droplet diameter of 50 um, enters the feed
channel from the left side. The color gradient illustrates the velocity distribution,
with higher velocities near the inlet region, decreasing progressively across the
membrane's surface. This pattern reflects the flow dynamics under the specified
operating conditions, providing insight into the fluid behavior and membrane
interaction.

3-2- The Effect of Feed Velocity Injection on Continuous Phase and

Dispersed Phase

Figure 3 shows the surface velocity distribution of the continuous phase and the
volume fraction distribution of the dispersed phase, under specific operating
conditions along the membrane obtained through simulation. These figures
illustrate the simulation results under steady-state conditions for different Reynolds
numbers ranging from 500 to 2200. Figure 3(a) presents the surface velocity
magnitude field of water as the continuous phase, while Figure 3(b) shows the
volume fraction of the dispersed phase (oil) inside the membrane. As depicted in
both figures, the behavior of the continuous and dispersed phases is significantly
influenced by changes in flow velocity within the laminar flow regime. As can be
seen in these figures, both the velocity field and the dispersed phase distribution
change as the flow velocity increases. These figures also demonstrate that, after a
short distance from the membrane module's inlet, a layer of oil begins to form
around the membrane. Over time, oil droplets accumulate on the membrane
surface, leading to the development of a cake layer. As shown in the figures, this
cake layer becomes progressively thicker along the length of the tube. Under
steady-state conditions, the thickness of this layer stabilizes and is closely related to
the fluid velocity. It is evident from the figures that at lower Reynolds numbers, the
oil layer is thicker. However, as the inlet feed velocity increases, this layer becomes
thinner. The reason is that higher velocities generate sufficient shear forces to
remove the accumulated droplets layers from the membrane surface. Additionally,
the outlet velocity increases as the effective flow area decreases due to the growing
thickness of the oil cake layer near the exit. Figure 3(b) further reveals that the oil
volume fraction decreases along the tube's length, primarily due to the penetration
of oil through the membrane.

3-3- Velocity field for continuous phase

Figures 4(a, b) illustrate the changes in the velocity profile of the continuous
phase along the annular membrane for four different points inside the tube. These
profiles are presented for conditions where Re=3000, TMP=1 bar, the oil
concentration is 500 ppm, and the oil droplet diameter is 30 pm.

Figure 4(a) presents the axial velocity magnitude(z-component) of the continuous
phase. As expected, the velocity of the continuous phase surface decreases to zero
near the pipe wall because the pipe wall is motionless and stationary. Also, in each
radius, the velocity magnitude increases by increasing the length from L/4 to L/3
and L/2 and 3L/4. Figure 4(b) shows the time-dependent development of the z-
component of the velocity field for the continuous phase at Re=500. The conditions
for this simulation include an oil concentration of 500 ppm, Trans Membrane
Pressure of 1 bar, and an oil droplet size of 30 pm. As shown in the figure, the
velocity profile changes over time until it reaches the developed state. This time-
dependent behavior indicates that the velocity field becomes gradually developing
with increasing time, reflecting the dynamic nature of the flow as it adjusts to the
conditions. The obtained results are consistent with those obtained by other
experimental and simulation studies reported by other researchers [44].

3-4 The effect of Reynold Number on Cake Thickness and Permeate

concentration:

Figure 5 shows the impact of changing Re number on Cake thickness along the
length of the membrane for different Re numbers at 3 bars. A higher Reynolds
number indicates a higher flow velocity and a more turbulent flow regime.

Figure 6 presents the effect of Reynolds number (Re) on the permeate
concentration profile along the length of the membrane, measured at a
transmembrane pressure (TMP) of 3 bar. The figure illustrates how varying the
Reynolds number impacts the distribution of permeate concentration across the

3
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membrane. At lower Reynolds numbers, the flow velocity of the feed is 49, 50]. These studies have similarly reported that larger oil droplets reduce the
reduced. This decreased velocity means that the oil droplets and micelles in the resistance of the polarization layer and thus increase permeate flux.
feed have a longer residence near the membrane surface, which results in a Larger droplets result in a less dense polarization layer compared to smaller
slower migration from the feed bulk to the membrane channels. It means more droplets. This reduction in density decreases the resistance to flow through the
time to proceed with their migration from the feed bulk toward the membrane layer, making it more permeable. With a more permeable polarization layer, the
channels. flow of permeate through the membrane is less hindered, resulting in an increased

The longer residence time of the oil droplets and micelles at lower Reynolds permeation velocity. Smaller oil droplets tend to accumulate and form a thicker,
numbers leads to a less efficient sweeping effect of the flow. In other words, the denser polarization layer on the membrane surface. This thicker layer increases the
flow is less effective at removing these particles from the membrane surface. resistance to permeate flow. In contrast, larger droplets are less likely to form such
This inefficiency results in a higher concentration of oil droplets and micelles on a dense layer, reducing the resistance and allowing for a higher permeation
membrane surface, leading to a lower peak in the permeate concentration velocity. The reduced resistance at larger droplet sizes leads to improved flow
profile. dynamics, which enhances the overall permeation velocity along the membrane.

Conversely, at higher Reynolds numbers, the increased flow velocity enhances 4. Conclusions
the sweeping effect. The higher flow velocity means that the oil droplets and This study demonstrates the effectiveness of COMSOL Multiphysics software as
micelles are more effectively transported away from the membrane surface. This a powerful tool for modeling the performance of a hollow fiber hydrophobic
results in a lower concentration of these particles on the membrane surface membrane for filtration by using three-dimensional simulations. The simulation
resulting in an increasing the peak in the permeate concentration profile. These employed to model the separation of water, as the continuous phase, from oil as the
results are consistent with both experimental observations and other numerical dispersed phase.
simulations. [39] which have shown that higher Reynolds numbers lead to The finite element technique was applied to solve the transport equations of dilute
higher permeate concentrations due to the increase in the efficiency of removing species through the membrane, utilizing Eulerian multi-phase flow theory and
oil droplets and micelles from the membrane surface. These results are in Darcy's Law, alongside the porous media model. The results of this investigation
agreement with previous experimental and numerical studies reported by other provide a comprehensive understanding of how various parameters influence
researchers [25, 37, 38, 44, 45]. membrane filtration performance.

3-5 The effect of oil concentration on the performance of the membrane:  Additionally, an increase in the injection flow rate significantly raises the

Figure 7 illustrates the effect of oil injection concentration on membrane concentration of oil in the permeate while simultaneously reducing the thickness of
performance by presenting the variation of cake thickness along the membrane the oil layer. Higher flow rates result in more transport of oil droplets towards the
at a constant Reynolds number of 3000 and a TMP of 3 bar. The results clearly membrane surface, which enhances the overall oil concentration in the permeate
show that cake thickness increases with increasing oil concentration in the feed. and reduces the accumulation of oil on the membrane.

These observations align with experimental studies reported in the literature  Furthermore, higher oil concentrations in the inlet flow are directly correlated
[35], which also found that increasing oil concentration results in higher with increased permeate concentration. As the concentration of oil in the feed

permeate concentrations and thicker cake layers on the membrane surface. solution rises, more oil droplets are available to permeate through the membrane,
3-6 The effect of trans membrane pressure (TMP) on the performance of leading to a higher oil concentration in the permeate.
the membrane These findings show the importance of key parameters, such as transmembrane

Figures 8(a) and 8(b) illustrate the impact of transmembrane pressure (TMP) pressure, injection flow rate, and oil concentration, on the performance of
on membrane performance under different Reynolds numbers and Trans membrane filtration systems. By adjusting these parameters, it is possible to
Membrane Pressure with a constant oil concentration of 2000 ppm. enhance the efficiency of the filtration process, leading to more effective separation

Figure 8(a) shows the relationship between TMP and permeate concentration and reduced operational costs. The insights gained from this study are valuable for
at different Reynolds numbers (500, 1500, and 3000) with a constant oil designing and optimizing membrane filtration systems.
concentration of 2000 ppm. Simulation shows that as TMP increases, the Figures:
permeate concentration also increases. This is because a higher TMP provides
stronger filtration, resulting in a greater amount of oil droplets passing through i

. g . Graphics

the membrane. The graph indicates that at higher Reynolds numbers, the @ Q@ @ L
permeate concentration increases more significantly. This is due to the enhanced Bly2- o= =Aa
flow velocity associated with higher Reynolds numbers, which allows for a
higher flux of oil droplets through the membrane. At lower TMPs, the rate at
which permeate concentration increases is higher. This suggests that lower
TMPs might be more effective in enhancing permeate concentration initially. As
TMP continues to increase, the rate of increase in permeate concentration
becomes less pronounced, indicating that the relationship between TMP and
permeate concentration becomes less sensitive at higher TMPs.

Figure 8(b) shows the Effect of TMP on Cake Thickness along the length of
the membrane in a constant Reynolds number (Re = 3000) and oil concentration
(C = 2000 ppm). The results demonstrate that increasing TMP leads to a
decrease in cake thickness on the membrane surface. This can be attributed to
the compressive effects of higher pressure. Higher TMP exerts greater pressure
on the membrane, which compresses and compacts the oil droplets and particles
in the cake layer. This compression reduces the overall thickness of the oily
layer that accumulates on the membrane surface. The compressive force applied Surface: Veloity magnitude, continucus phase (m/s) =]
by higher TMP reduces the thickness of the cake layer. This occurs because the " sf d d : : ' : : 1 x102
increased pressure forces the oil droplets closer together, leading to a denser but
thinner cake layer.

The observed effects are consistent with experimental findings reported by 3
researchers [39, 45, 47]These studies also showed that higher TMP increases 3
permeate concentration while reducing cake thickness due to the compressive
effects on the deposited layer.

3-7 The effect of droplet diameter on the performance of the membrane of 1 6

Figure 9 shows the relationship between permeation velocity and axial |
position along the membrane for various oil droplet diameters, at Re= 1500 and 4
TMP=1 bar. These experiments were performed for oil droplets with diameters 2
of 30, 40, and 50 micrometers. ab

The figure shows that the permeation velocity increases as the oil droplet
diameter increases. This indicates that larger oil droplets lead to higher
permeation velocities along the membrane. Larger oil droplet size provides a = a = i & 8 ==
reduction in the specific resistance of polarization layer, which makes it more
permeable and results in the increasing in permeate flux. The same results are
observed and reported by other researchers, and experimental results [2, 43, 48,

-
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Figure 1. Three-dimensional mesh of the annular membrane.

mm

Figure 2. Velocity magnitude field of the continuous phase at a Reynolds number
(Re) of 500, an inlet oil concentration of 500 ppm as dispersed phase, and a Trans

4
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Membrane Pressure (TMP) of 1 bar.
TMP =3 bar C= 2000 ppm dp= 40 pm
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Figure 5. Variation in cake thickness along the length of the membrane for
Figure 3(a). Surface velocity magnitude field for the continuous phase under ~ different Reynolds numbers (Re) at a transmembrane pressure (TMP) of 3 bar and
conditions of a Trans Membrane Pressure (TMP) of 1 bar and an inlet oil oil droplet diameter of 40 um and inlet concentration of 2000 ppm.
concentration of 500 ppm and an oil droplet diameter of 30 um.
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Figure 3(b) Variation of the dispersed phase volume fraction along the
membrane under conditions of a Trans Membrane Pressure (TMP) of 1 bar, an
inlet oil concentration of 500 ppm, and an oil droplet diameter of 30 um.

Figure 6. Variation in permeate concentration profile along the length of the
membrane for different Reynolds numbers (Re) at a transmembrane pressure
(TMP) of 3 bar and oil droplet diameter of 40 um and inlet concentration of 2000
ppm.
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Figure 7. Cake thickness as a function of oil injection concentration along the
Figure 4(a). Velocity profile for the continuous phase in the z-component as membrane, for a Reynolds number of 3000 and a transmembrane pressure (TMP)
a function of length (L) under the following conditions: Reynolds number (Re) of 3 bar and oil droplet diameter of 40 pm.
of 3000, concentration of 500 ppm, transmembrane pressure (TMP) of 1 bar,

and an oil droplet diameter of 30 pm.
C= 2000 ppm dp= 40 pm
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Figure 8(a). Total permeate concentration as a function of transmembrane
Figure 4(b). Time-dependent velocity field in the z-component under the ~ Pressure (TMP) for various Re‘ynolds nur_nbers (Re) at a concentration of 2000 ppm
following conditions: Reynolds number (Re) of 500, concentration of 500 ppm, and oil droplet diameter of 40 pm.
transmembrane pressure (TMP) of 1 bar, and an oil droplet diameter of 30 pm.
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Re= 3000 C= 2000 ppm dp= 40 pm
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Figure 8(b). Variation of cake thickness as a function of transmembrane
pressure (TMP) along the membrane, for a Reynolds number of 3000 and a
concentration of 2000 ppm and oil droplet diameter of 40 pum.
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Figure 9. Permeation velocity as a function of axial position along the
membrane, presented for varying oil droplet diameters at a Reynolds number
(Re) of 1500 and a transmembrane pressure (TMP) of 1 bar. This analysis
explores droplet size variations from 30 to 50 micrometers with an inlet
concentration of 2000 ppm.
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