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Biosensors

Abstract
The objective of this work is numerical simulation of the membrane by direct analysis at micro, meso and macro level. This 
approach includes first a defining and modeling of a basic structural unit, after that simulation of a fragment as a representative 
element of the membrane structure. Then the results obtained to transfer for the entire membrane module and finally mod-
eling of the membrane as porous media with calculated permeability. The numerical simulation was done with Ansys CFX, 
using the Darcy’s equation for flow through porous media with configuration of the membrane and second order backward 
Euler transient scheme for solving the Navier-Stokes equations. 
Тhe permeability of the membrane is determined at a micro and macro level by computer simulation for different fluids, which 
allows to evaluating the influence of the viscosity on the flow passing through the membrane. This micro-macro approach 
is quite efficient and cost-effective because it saves time and requires less computer capacity and allows direct analysis of the 
complex structure of the membrane modules.
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Introduction
Membrane bioreactors – submerged (SMBR), sidestream ones, or combination of both, 
have proven their efficacy in a wide application area, including wastewater treatment and 
integrated processes for bioproduction and separation. Membrane bioreactors – sub-
merged (SMBR), sidestream ones, or combination of both, have proven their efficacy in 
a wide application area, including wastewater treatment and integrated processes for bi-
oproduction and separation. The integration of bioreactor with membrane separation in 
submerged configuration is advantageous in view of gentle trans-membrane pressure op-
eration, imposing a controlled and constant permeate flux (1, 2), fouling control through 
scouring by aeration and/or solid particles and of reduced energy consumption associated 
with the recirculation pump in the side-stream configuration (3, 4). In recent years, a 
sustainable interest in CFD simulations of SMBR is observed, as they are expected to 
be helpful in problems related to enhanced membrane separation and effective in terms 
of required computational resources. CFD modeling has extensively been used for in-
vestigation of the optimal membrane module position, fouling conditions and aeration 
mode, including large-scale bioreactors (5-12). An integrated hydrodynamic CFD model 
(non-Newtonian rheology, porous media approach for the membrane unit) was used to 
study the best membrane unit location in a full-scale bioreactor (13). The potential of 
3D simulations in optimizing the inner geometry (baffle angle), gas velocity and fouling 
resistance was revealed in view of shear stress fouling control (8). Submerged hollow fiber 
unit was modeled as a porous media zone and, incorporated with a 3D two-phase CFD 
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model, was applied to SMBR (14) for wastewater treatment. 
The 3D two-phase Euler-Euler method with RNG k-ε model for 
turbulence closure was applied for cake layer fouling control in 
a flat sheet SMBR (15). CFD fouling investigation was reported 
in a pilot anaerobic reactor with vertically submerged flat sheet 
membranes, the sludge mixture being treated as homogeneous 
non-Newtonian fluid (7). The model allows cake accumulation 
calculation and 2D visualization of the fouling, based on the 
shear intensity profiles expressed on the membrane surface. 

Published studies so far have shown the potential of CFD 
modeling realized mainly in predicting overall hydrodynamic 
conditions in a given MBR geometry, and less in the study of 
the transfer to and through the membrane. 

In a number of cases the membrane is treated as an imperme-
able wall, the assumption being justified by the low permeates 
flux as compared to the liquid velocity close to the membrane 
(10, 11). A quantitative framework for this condition is found 
in the practice of wastewater treatment by SMBR (10). Cov-
ering a wide range of ultrafiltration membranes applications, 
the resulting ratio of suction velocity to bulk liquid velocity is 
usually less than 0.01%. The assumption that the permeate flux 
has a negligible effect on the hydrodynamic picture has not al-
ways received an experimental confirmation, as shown in (16). 
The use of boundary conditions for a permeable wall account-
ing for the fluid flux normal to the membrane may improve 
the simulations in cases with higher permeation rates (17) as 
well as regarding the effect of the resulting wall concentration 
on the concentration polarization. Considering the boundary 
layer thickness, CFD investigations are performed both with 
constant or developing boundary layer (18). The latter includes 
calculation of the flow-field evolution in time and space under 
simultaneous development of the fouling layer, thus leading to 
an improved modeling and dynamic simulation of the mem-
brane module operation. 

The effect of the membrane on the overall reactor hydrody-
namics becomes more important as the scale of the integrated 
unit increases. The implementation of a membrane source term 
in the overall balance equation, applied to the computation-
al cells adjacent to the membrane boundary, was a successful 
modeling approach, supported by experimental validation in 
the case of fluidized bed membrane reactors for selective ex-
traction of hydrogen via membranes (19). Treating the mem-
brane module as a single porous media by accounting for the 
resistance of the latter in an additional momentum source 
term, was used to study the effect of membrane unit location 
and to optimize reactor design in a full-scale MBR (13). The 
study points out the differences in the obtained velocity and 
shear stress field as compared to the results with the imper-
meable wall approach. Lower, but much more uniform velocity 
field both in the membrane unit region and the overall reactor 
was observed with the integrated model. 

Shear stresses relation to flux and mass transfer charac-
teristics at the membrane surface has been reported both for 
cross-flow filtration cells (20, 21) and SMBR. Examples for 
numerical simulation of the shear field at the surface of the 

submerged hollow fiber or tubular membranes, coupled with 
an experimental investigation by the electrochemical shear 
probe method are given in (11, 22). Optimization of the shear 
stress distribution and critical particle diameter deposition on 
the membrane surface was searched in a CFD study of a flat-
sheet sMBR in view of fouling control (15). In (23 a full-scale 
flat sheet SMBRs was simulated to point out the advantages 
of sparger bottom placement on the cross-flow velocities and 
shear stresses near the membrane and the homogeneity of the 
bubble distribution. CFD modeling of MBRs allowed calcu-
lations of the appropriate shear on the membrane surface in 
order to control sludge filterability and fouling (24, 25), related 
to sludge particle distribution (aggregation and breakage). The 
coupling of fouling models to mass transfer is still considered 
to be a challenge in view of its predictive reliability (17). The ex-
isting examples are focused on membrane elements; integrat-
ed mathematical models for MBRs have to be developed (26). 
In the order of increasing scale of the studies (e.g. membrane 
surface element, membrane module, a reactor with submerged 
membrane module) the number of reported investigations 
decreases. The analyses presented are based mostly on gener-
alized analytical expressions, while numerical simulations are 
still rare. This is partly due to the large difference in the size of 
the membrane elements with respect to the entire reactor. One 
successful approach to deal with this difficulty is to model the 
membrane as a single porous element. This article presents a 
way to determine the characteristics of a porous cell based on a 
detailed analysis of the micro-level membrane structure.

Materials and Methods
The objective of this work is a numerical evaluation of the per-
meability of the membrane by simulation at a micro level, e.g. 
modeling of a small fragment as a representative element of the 
membrane structure. Then the results obtained can be trans-
ferred to the entire membrane module at the macro level.

The proposed micro-macro approach is considered to be the 
direct method as follows:

•	 Defining and modeling the basic structural unit (mi-
cro-level);

•	 Defining and modeling the representative membrane 
area  (meso-level);

•	 Simulation of overall permeate flux through the repre-
sentative area;

•	 Calculation the overall permeability (Darsy’s law);
•	 Modeling the membrane as a porous domain with calcu-

lated permeability (macro-level).
For our numerical experiment, we used the membrane de-

scribed in (27). Schematic view and SEM micrographs of the 
front and backside of a polyimide microsieve with a pore size 
of 4 μm, the pitch of 10 μm and a grid of support bars are given 
on Figure 1. The membrane thickness is 1 μm. 

The complex geometry of the membrane in the presence 
of a large number of pores and supporting structure leads to 
the need for a huge resource for direct numerical simulation. 
Attempting to simulate flow across the entire membrane has 
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proved impossible with conventional computing resources (6-
core Xeon E-5 with 128GB RAM for example).

Тhis experiment gives us the idea to try to model the mem-
brane not with its real geometry, but as a homogeneous porous 
medium with appropriate permeability.

The homogenization was performed by isolating a single cell 
at a micro-level. Here the single cell is this part of the material, 
by multiplication of which the geometry of the entire study area 
could be described. A part of the fluid in front of and behind 
the membrane must be attached to the cell for a description 
of the fluid flow through the membrane during the numerical 
simulation.

As it is suggested that single cells may influence each other, 
a representative area that contains one, two or more single cells 
must be identified for the purpose of the study.

Since the representative area contains few geometric ele-
ments, it can be modeled with its real geometry and success-
fully accomplish numerical simulation to determine the fluid 
flow rate across the membrane. After that, this flow rate can be 
used in the Darcy equation (1) from which the permeability 
can be determined. The calculated value of permeability can 
be inserted as a characteristic of the porous medium at the re-
quired place in the numerical simulation software.

 
,  

                                                            
(1)

Where Q is total discharge  (m3/s), k -  intrinsic permeabil-
ity of the medium (m2), A  - cross-sectional area to flow  (m2), 
(pb − pa) - total pressure drop   (pascals), μ - dynamic viscos-
ity    (Pa·s), L - length over which the pressure drop is taking 
place  (m).

Methods
The simulation was carried out in a bubble column shown in 
Figure 2, which consists vertical cylindrical column with height 
1.3 m and a diameter 1 m The sparger, located at the bottom of 
the column, has a toroidal shape with a ring radius 0.145 m and a 
tube diameter 0.120 m. Due to the axial symmetry of the object, 
only a 30° sector of the column is simulated, which reduced the 
calculation time. The main calculation area (the area over the 
sparger) is meshed by regular hexagonal dominated mesh.

Thе procedure of homogenization is demonstrated by nu-
merical simulation of a 1 μm membrane described in (27). The 
space enclosed between four intersecting beams of the pad is 
accepted as a single cell. The geometric model of the cell, creat-
ed with a CAD modeler, is presented in Figure 3. 

Figure 1. Picture of the membrane.

Figure 2. Geometric  model  of the bubble column with membrane module.
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It is of great importance to determine the correct boundary 
conditions in numerical simulation. In the case at hand, the 
boundary conditions reflect the interface of the insulated cell 
with the other cells of the membrane. Thus, they are not the 
product of natural physical processes but are imaginary con-
nections that depend on the local equilibrium of a single cell. 
In order to reduce the effect of boundary conditions on the nu-
merical results, a representative computational area containing 
more than one cell (Fig. 4) may be included in the calculation 
procedure. The dimensions of this representative area depend 
on the specific geometric structure of the cell. Prior to the basic 
calculations, these dimensions are to be determined in the way 
that the boundaries to be sufficiently distant and do not affect 
the results. 

Results
The CFD code ANSYS CFX is used to simulate fluid flows 
through the membrane. For this purpose, a dynamic mathe-
matical model is developed by combining the Navier-Stokes 
equation and Darcy’s equation for flow through porous media 
which account for the membrane configuration. For the nu-
merical solution of the equations, the second-order backward 
Euler transient scheme is applied. The numerical simulation 
is done using k-ε  model with scalable wall function for tur-
bulence, high-resolution advection scheme and second-order 
backward Euler transient scheme. In general, the procedure 
follows that, described in (28)

The software computational algorithm describes the hydro-
dynamics of membrane processes based on the momentum 

Thе procedure of homogenization is demonstrated by numerical simulation of a 1 μm 
membrane described in (27). The space enclosed between four intersecting beams of the pad is 
accepted as a single cell. The geometric model of the cell, created with a CAD modeler, is 
presented in figure 3.  
 

 a)      b) 
Figure 3.   Geometric model of the cell, created with a CAD modeler  
(a – basic volume of the single-cell; b - the added volume of the fluid in front and behind the 
membrane) 
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Table 1

k 
(m2)

Q (numerical) 
(m3/s)

Q (Darsy’s law) 
(m3/s)

1.00 E-13 5.65 E-09 5.56 E-09

1.00 E-10 5.60 E-06 5.56 E-06

1.00 E-08 5.61 E-04 5.56 E-04

1.00 E-07 5.56 E-03 5.56 E-03

1.00 E-06 3.90 E-02 5.56 E-02
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source (SM) through the porous region using the following 
equations (28):

Results 
The CFD code ANSYS CFX is used to simulate fluid flows through the membrane. For this 

purpose, a dynamic mathematical model is developed by combining the Navier-Stokes equation 

and Darcy's equation for flow through porous media which account for the membrane 

configuration. For the numerical solution of the equations, the second-order backward Euler 

transient scheme is applied. The numerical simulation is done using k-  model with scalable 

wall function for turbulence, high-resolution advection scheme and second-order backward 

Euler transient scheme. In general, the procedure follows that, described in (28) 

The software computational algorithm describes the hydrodynamics of membrane processes 

based on the momentum source (SM) through the porous region using the following equations 

(28): 

       𝑆𝑆𝑀𝑀,𝑥𝑥 = − 𝜇𝜇
𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑆𝑆 𝑈𝑈𝑥𝑥 − 𝐾𝐾𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆 𝜌𝜌

2 |𝑼𝑼|𝑈𝑈𝑥𝑥, 

     𝑆𝑆𝑀𝑀,𝑦𝑦 = − 𝜇𝜇
𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑇𝑇 𝑈𝑈𝑦𝑦 − 𝐾𝐾𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇 𝜌𝜌
2 |𝑼𝑼|𝑈𝑈𝑌𝑌,                                                (2) 

      𝑆𝑆𝑀𝑀,𝑧𝑧 = − 𝜇𝜇
𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑇𝑇 𝑈𝑈𝑧𝑧 − 𝐾𝐾𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇 𝜌𝜌
2 |𝑼𝑼|𝑈𝑈𝑧𝑧, 

where 𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆  and  𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑇𝑇  are the streamwise and transverse permeabilities, 𝐾𝐾𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆  and  𝐾𝐾𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇  - the 

streamwise and transverse loss coefficients,  - dynamic viscosity,  – density, U – vector of 

velocity, U – velocity magnitude, indices x, y and z denote Cartesian components.  

It is difficult to make a theoretical connection between the permeability coefficient used in 

Darcy's equation (1) and momentum equations (2). Therefore, this parameter has to be initially 

identified. For this purpose, the water flow at a pressure drop of 5 KPa through a completely 

porous area 0.1 x 0.1 x1 m has been analyzed at different permeability coefficients. With these 

characteristics, the flow rate has been calculated once with the Darcy equation (1) and the 

second time using the software. The results are presented in Table 1.  
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               (2)
		

	 	

where  and  are the streamwise and transverse permeabili-
ties,  and  - the streamwise and transverse loss coefficients, µ - 
dynamic viscosity, ρ – density, U – vector of velocity, U – veloc-
ity magnitude, indices x, y and z denote Cartesian components. 

It is difficult to make a theoretical connection between the 
permeability coefficient used in Darcy’s equation (1) and mo-
mentum equations (2). Therefore, this parameter has to be in-
itially identified. For this purpose, the water flow at a pressure 

drop of 5 KPa through a completely porous area 0.1 x 0.1 x1 m 
has been analyzed at different permeability coefficients. With 
these characteristics, the flow rate has been calculated once 
with the Darcy equation (1) and the second time using the soft-
ware. The results are presented in Table 1. 

Using the scheme mentioned above and the presented mem-
brane geometry, calculations were made for the membrane 
permeability of different fluids at a constant pressure drop of 
1 bar and variable viscosity depending on the fluid used. The 
results are shown in Figure 5. 

With a constant coefficient of permeability, the flow through 
the membrane depends on the dynamic viscosity of the fluid. 
To investigate this phenomenon, a numerical simulation of im-
aginary fluid flow was performed through the membrane under 
consideration, modeled as a porous solid with a coefficient of 
permeability of 10-12 m2. The results for the flow rate at viscosity 
in the range 4x10-4 to 4x10-3 in Pa.s are shown in Figure 6. 

Figure 5. The permeability of the membrane by simulation of one, two and four cells from the representative area of the 
membrane structure and for fluids with different viscosity. 

Figure 6. The fluid flow depending on the viscosity.
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Figure 7 shows some general results regarding the hydrody-
namics of the reactor volume.

Discussions
The almost identical results in the two columns on the right 
side of Table 1 indicate that the permeability coefficient of the 
Darcy equation is analogous to that coefficient in equations (2). 
The difference in values ​​in the last row of the table can be ex-
plained by the formation of large flow velocity in the pores with 
greater permeability. As attempts to adjust the results with the 
refining of the mesh fail, this can be achieved by changing the 
turbulence numerics to High-Resolution advection or switch 
to transient analysis.

The results of the numerical simulation performed with a 
representative region of one, two and four cells, shown in Fig-
ure 5, show that only one cell can be used for the particular 
structure of the membrane under study. For all four fluids stud-
ied, the permeability values did not change significantly with 
the change in cell number. However, for other types of mem-
brane structures, it is necessary to carry out such an analysis 
again, as their results may be different from those.

One way to separate the materials into permeate and reten-
tate in membrane modeling with the help of the porous mem-
brane is to define the flow as inhomogeneous and to set its own 
permeability coefficient for each material. However, not every 
software allows such a procedure. If the membrane structure 
shows a result similar to this in Figure 6, an additional tool 
may be the dynamic viscosity. Each material can be assigned 
an additional effective viscosity located on the steep part of the 
curve for permeate and on the slopes part for the retentate.  The 
results for water volume fraction, gas holdup, water, and air ve-
locity, obtained by numerical simulation (Fig. 7), are expected 
and are similar to those presented in (28).

In the numerical simulation, membrane structures can be 
modeled as a porous structure with an appropriate coefficient 
of permeability. Whether a material is permeated or retentate 
is determined by its viscosity and the membrane permeability

The permeability of the membrane as a porous media can be 
determined on the basis of a representative area (a number of 
membrane cells, consisting membrane, support structure and 
added volume of the fluid in front and behind the membrane)

The modeling of membrane structures as a porous media on 
the basis of a representative area makes it possible to perform 
the calculations on a conventional computer.

Acknowledgements
The authors gratefully acknowledge the financial support of the 
National Science Fund of the Republic of Bulgaria, Contract DN 
07/11/15.12.2016.

Conflict of Interest
The authors declare that they have no conflicts of interest.

Ethical Compliance
This article does not contain any studies involving human partici-
pants or animals performed by any of the authors.

References
1. 	 Khan MA, Huu HN, Wenshan G, Yiwen L, Soon WCh, Dinh DN, Long 

DN, Heng I.  Can membrane bioreactor be a smart option for wa-
ter treatment. Bior. Techn. Reports 2018; (4): 80-87.

2. 	 Robles Á, Ruano MV, Charfi A, Lesage G, Heran M, Harmand J, Seco 
A, Steyer JP, Batstone DJ, Kim J, Ferrer J. A review on anaerobic 
membrane bioreactors (AnMBRs) focused on modelling and con-
trol aspects. Bior. Technology 2018; 270: 612- 6263.

3.	 Galinha CF, Sanches S, Crespo JG. Fundamental modelling of 
membrane systems. Membrane bioreactors 2018; 6: 209-249. 

4. 	 Pellegrin ML, Aguinaldo J, Arabi S, Sadler ME, Greiner AD, Wong J, 
Dow A, Burbano MS, Danker B, Diamond J. Membrane Processes. 
Water Envir. Research  2018; 90 (10):1457-1536.

5. 	 Tsibranska I, Vlaev S, Tylkowski B. The problem of fouling in sub-
merged membrane bioreactors - Model validation and experi-
mental evidence. Phys. Sc. Reviews 2018; 3(1): 14-19.

6.	 Sengur R, Deveci G, Kaya R, Turken T, Guclu S, Imer DY. A review: 
CFD modeling of submerged membrane bioreactors (sMBRs). De-
salinat Water Treatment 2015; 55(7):1747–61. 

7. 	 Boyle-Gotla A, Jensen PD, Yap SD, Pidou M, Wang Y, Batstone DJ. 

Figure 6. The fluid flow depending on the viscosity 

 

Figure 7 shows some general results regarding the hydrodynamics of the reactor volume. 

 
  a)                                b)                                 c)                                 d) 

Figure 7.  Water volume fraction (a), gas holdup (b), water velocity (c) and air velocity (d) in 
bubble column at the numerical solution with superficial gas velocity 0,5 m/s and bubble 
diameter 3 mm 
 

 

Discussions 
The almost identical results in the two columns on the right side of Table 1 indicate that the 

permeability coefficient of the Darcy equation is analogous to that coefficient in equations (2). 

The difference in values in the last row of the table can be explained by the formation of large 

flow velocity in the pores with greater permeability. As attempts to adjust the results with the 

refining of the mesh fail, this can be achieved by changing the turbulence numerics to High-

Resolution advection or switch to transient analysis. 

The results of the numerical simulation performed with a representative region of one, two and 

four cells, shown in Figure 5, show that only one cell can be used for the particular structure of 

the membrane under study. For all four fluids studied, the permeability values did not change 

significantly with the change in cell number. However, for other types of membrane structures, it 

is necessary to carry out such an analysis again, as their results may be different from those. 

One way to separate the materials into permeate and retentate in membrane modeling with the 

help of the porous membrane is to define the flow as inhomogeneous and to set its own 

permeability coefficient for each material. However, not every software allows such a procedure. 

If the membrane structure shows a result similar to this in Figure 6, an additional tool may be 

the dynamic viscosity. Each material can be assigned an additional effective viscosity located 

on the steep part of the curve for permeate and on the slopes part for the retentate.  The results 

Figure 7.  Water volume fraction (a), gas holdup (b), water velocity (c) and air velocity (d) in bubble column at the numerical 
solution with superficial gas velocity 0,5 m/s and bubble diameter 3 mm.



88  |  VOLUME 4 ISSUE 2  |  APRIL 2020   

Dynamic multidimensional modelling of submerged membrane 
bioreactor fouling. J. Memb. Sci. 2014; 467: 153-161.

8. 	 Khalili-Garakani A, Mehrnia MR, Mostoufi N, Sarrafzadeh MH. Ana-
lyze and control fouling in an airlift membrane bioreactor: CFD 
simulation and experimental studies. Process biochemistry 2011; 
46(5): 1138-1145.

9. 	 Trad Z, Vial C, Fontaine JP, Larroche C. Modeling of hydrodynam-
ics and mixing in a submerged membrane bioreactor. Chem. Eng. 
Journal 2015; 282: 77-90.

10.  	 Böhm L, Drews A, Prieske H, Bérubé PR, Kraume M. The Impor-
tance of Fluid Dynamics for MBR Fouling Mitigation. Bioresource 
Technology 2012; 122: 50-61.

11. 	 Vlaev S, Tsibranska I, Dzhonova-Atanasova D. Hydrodynamic char-
acterization of dual-impeller submerged membrane bioreactor 
relevant to single-use bioreactor options. Chem. Eng. Research 
and Design 2018; 132: 930-941.

12. 	 Wang B, Zhang K, Field RW. Novel aeration of a large‐scale flat 
sheet MBR: A CFD and experimental investigation. AIChE Journal 
2018; 64(7): 2721-2736.

13. 	 Wu Q, Yan X, Xiao K, Guan J, Li T, Liang P, Huang X. Optimization of 
membrane unit location in a full-scale membrane bioreactor us-
ing computational fluid dynamics. Bioresource technology 2018; 
249: 402-409.

14. 	 Wang Y, Brannock M, Cox S, Leslie G. CFD simulations of mem-
brane filtration zone in a submerged hollow fibre membrane bio-
reactor using a porous media approach. J. Membr. Sci. 2010; 363: 
57–66.

15. 	 Yang M, Yu D, Liu M, Zheng L, Zheng X, Wei Y, Wang F, Fan Y. Op-
timization of MBR hydrodynamics for cake layer fouling control 
through CFD simulation and RSM design. Bioresource technology 
2017; 227: 102-111.

16. 	 Gaucher C, Jaouen P, Legentilhomme P, Comiti J. Suction effect on 
the shear stress at a plane ultrafiltration ceramic membrane sur-
face. Separation science and technology 2002; 37(10): 2251-2270.

17. 	 Fimbres-Weihs GA, Wiley DE. Review of 3D CFD modeling of flow 
and mass transfer in narrow spacer-filled channels in membrane 
modules. Chem. Eng. and Processing: Process Intensification 
2010; 49(7): 759-781.

18. 	 Koutsou CP, Karabelas AJ, Kostoglou M. Fluid Dynamics and Mass 
Transfer in Spacer-Filled Membrane Channels: Effect of Uniform 
Channel-Gap Reduction Due to Fouling. Fluids 2018; 3(1): 1-20.

19. 	 Voncken RJW, Roghair I, Van Sint Annaland M. Mass transfer 
phenomena in fluidized beds with horizontally immersed mem-
branes: A numerical investigation. Chem. Eng. Science, 2018; 191: 
369-382.

20. 	 Dzhonova-Atanasova D, Tsibranska I, Vlaev S. Flow Behaviour in a 
Membrane Cross-Flow Filtration Cell: Experimental Observations 
and CFD Modelling. Journal of Chemical Technology and Metal-
lurgy 2017; 52(1): 58-65.

21. 	 Dzhonova-Atanasova D, Tsibranska I. Paniovska S. CFD Simulation 
of Cross-Flow Filtration. Chem Eng. Transactions 2018; 70: 2041-
2046.

22. 	 Bérubé PR, Afonso G, Taghipour F, Chan CCV. Quantifying the 
shear at the surface of submerged hollow fiber membranes. Jour-
nal of Membrane Science 2006; 279(1-2): 495-505.

23. 	 Amini E, Mehrnia MR, Mousavi SM, Azami H, Mostoufi N. Investi-
gating the effect of sparger configuration on the hydrodynamics 
of a full-scale membrane bioreactor using computational fluid 
dynamics. RSC Advances  2015; 5(127): 105218-105226.

24. 	 Naessens W, Maere T, Ratkovich N, Vedantam S, Nopens I. Critical 
review of membrane bioreactor models – Part 2: Hydrodynamic 
and integrated models. Bioresource Technology 2012; 122: 107–
18.

25. 	 Kostoglou M, Karabelas AJ. On population balance modeling of 
membrane bioreactor operation with periodic back‐washing. 
AIChE Journal 2011; 57(8): 2274-2281.

26. 	 Zuthi MFR, Ngo HH, Guo WS. Modelling bioprocesses and mem-
brane fouling in membrane bioreactor (MBR): a review towards 
finding an integrated model framework. Bioresource technology 
2012; 122: 119-129.

27. 	 Stein K. Development and application of microsieves. Ph.D. thesis, 
University of Twente, Enschede, The Netherlands, 2000. ISBN 90-
36514754

28. 	 Moutafchìeva D, Iliev V. Influence of geometrical and operational 
parameters on the performance of bubble reactor with immersed 
membrane module. Materials, Methods & Technologies 2018; 12: 
275-285.


