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SYMBOLS USED

MEANING PHYSICAL MEANING SI
) Density Kg/m?
t Time S
d Diameter m
h Height m
de Sensor diameter m
dn Hydraulic diameter m
Ve feed inlet velocity m/s
kp Local mass transfer coefficient m/s
K Average mass transfer
m . m/s
coefficient
A Area m?
\ Volume L
J Permeate flux L/m*h
N Stirrer speed rpm
U Dynamic viscosity Pa.s
T Wall shear stress Pa
v Kinematic viscosity m2/s
D Diffusion coefficient m?s
k Local value of mass transfer
m . Il’l/ S
coefficient
Kinax Maximum value of mass transfer | m/s
Eg Efficiency coefficient
Deen Cell diameter m
dinjout Inlet and outlet diameter m
Qs Flow rate 1/min
vy Flow velocity m/s
CFR Cross-flow rate L/




ABCRONYMS USED

NF Nanofiltration
RO Reverse Osmosis
UF Ultrafiltration
MBR Membrane Bioreactor
CFD Computational Fluid Dynamics
DE Dead-End Filtration
CF Cross-Flow Filtration
Sh Sherwood number
Re Reynolds number
Sc Schmidt number
RANS Reynolds-averageq Navier—
Stokes equation
k-¢ Realizable k- model
MRF Moving reference frame
CFR Cross-flow rate




1. Introduction

Nanofiltration (NF) is a membrane process that bridges the
gap between reverse osmosis (RO) and ultrafiltration (UF) in
terms of particle size, selectivity, and operating pressure.
Introduced in the late 1980s, nanofiltration has seen rapid
growth in its applications. NF technology continues to develop,
finding new uses in drinking water production, wastewater
treatment, and the food, chemical, and pharmaceutical
industries, among many others. Despite its promising
prospects, several unresolved issues still hinder large-scale
implementation. =~ Membrane  fouling—which  reduces
membrane flux, lifespan, and overall efficiency—remains a
significant challenge for the scientific community.

Membrane Bioreactor (MBR) technologies provide
biological treatment through membrane separation. Today,
MBRs have numerous domestic and industrial applications and
are widely used compared to conventional methods. The main
disadvantage of MBR operation is membrane fouling, which
leads to a decrease in permeate flux and necessitates membrane
cleaning. Although significant progress has been made in
recent decades toward developing improved techniques to
reduce fouling, a variety of physical and mechanical methods
are still required to further mitigate membrane fouling
problems. Various studies have been conducted to enhance the
applicability of nanofiltration. Research has shown that
Computational Fluid Dynamics (CFD) is a valuable tool for
providing a comprehensive analysis of the membrane filtration
process. CFD is effectively used to model membrane
separation processes and supports the design and optimization
of membrane bioreactors and membrane modules. Specifically,
CFD modeling aids in the design and optimization of
submerged (MBRs) by analyzing fluid flow, separation
dynamics of submerged membranes, mass transfer rates, and
fouling conditions. [1, 14]. Models of increased complexity are




also being developed, taking into account the relationship
between reaction kinetics in the bioreactor and the filtration
process together with the hydrodynamic conditions in an
integrated MBR [1]. The solute distribution within the
concentration polarization layer and the effect of the increased
concentration at the membrane interface has been solved: both
for steady and unsteady-state conditions [2]; in dead-end
(stirred and unstirred) [3]; and cross-flow filtration mode [2, 4].
alone or in combination with the membrane layer [5], or the gel
layer growth at the membrane surface [6].

Hydrodynamic models primarily focus on fouling, as the
reduction and/or control of fouling can be achieved through
process hydrodynamics, particularly by creating favorable
conditions near the membrane surface. By inducing shear
stress, promoting fluid turbulence, and enhancing the
convective transport of particles away from the membrane,
significant reductions in fouling can be obtained. Special
attention is given to membrane fouling - including
multidimensional fouling [1] in MBRs with different
membrane geometries (flat sheet, tubular, hollow fiber) [4, 5,
7, 8, 9] as well as to the effects of gas bubbles [10, 11, 12]
stirring [1] and the introduction of additional energy
(vibrations, membrane movement) [13].

CFD is widely applied in such investigations [14], with a
focus on understanding shear-stress distribution along the
membrane surface. Shear stress is primarily influenced by
stirring (the flow pattern generated by the impeller), fluid
viscosity (particularly in fluids with complex rheology), and
gas bubbling in aerated MBRs (bubble size and gas flow rate).

The application of CFD to describe mass transfer through
membranes involves various approaches to representing the
membrane within the model and still poses a challenge for
researchers. Published studies demonstrate the potential of
CFD modeling primarily for predicting hydrodynamic
conditions in membrane reactors or membrane modules of a




given geometry, and to a lesser extent for investigating mass
transfer through the membrane.

The working hypothesis in studying mass transfer is that
sufficient model accuracy can be achieved. This would allow
the simulation of conditions in the concentration polarization
layer and provide reliable estimates of the mass transfer
coefficients in the region near the membrane.

To evaluate the efficiency of the integrated process, a
detailed investigation of the flow behavior in the MBR and the
transport of individual components is necessary. Both issues
ultimately come down to assessing the mass transfer rate across
the membrane surface. Numerous studies and publications
address mass transfer; however, the parameter used to represent
MBR mass transfer efficiency—which serves to compare
different MBR configurations—is rarely mentioned or
emphasized. Assuming the effectiveness Egr is defined as the
degree of achievement of a target value, it should be expressed
in relative terms, that is, as a ratio of kn values. A proper
approach is to take the ratio of the local kn, value, corresponding
to the local velocity gradient, to an extreme value kmax, which
represents the maximum desirable target value attainable under
the most favorable operating conditions.

Epp = 2 (1)

kmax

In this way, an E value can be assigned to the different zones
of the membrane module. Moreover, if based on a widely
accepted standard, it would be possible to compare the
effectiveness Eyr of different membrane units.




II. Aim and Objectives
1. Aim

The main aim of the dissertation is mathematical modeling
of hydrodynamics and mass transfer in nanofiltration in order
to determine optimal process conditions in the following
configurations:

1) Dead-End filtration cell with agitator and flat bottom
membrane;

2) Cross-Flow filtration cell - round with tangential feed

fluid;

3) Cross-Flow rectangular filtration cell.

The working hypothesis in hydrodynamic studies is that
optimal conditions can be identified in terms of velocity levels,
shear stresses, and field homogeneity at the membrane surface.
These conditions are directly linked to the control of membrane
fouling and the maintenance of a stable permeate flux.

The working hypothesis in mass transfer studies is that
sufficient model predictivity can be achieved. This would
enable the simulation of conditions within the concentration
polarization layer and provide reliable estimates of mass
transfer coefficients near the membrane. The development of
mass transfer models for a membrane module represents a
contribution to the current state of knowledge in this field. Its
significance for formulating innovative engineering solutions
lies in the potential to optimize operating conditions of the
filtration process, thereby improving both productivity and
product quality. Such information is obtained from the spatial
and temporal distribution of concentrations in the system,
derived from the solution of the model.

2. Objectives

1) Modelling on hydrodynamics on filtration cells with
membrane  modules, through application on




2)

3)

4)

>
>
>

computerized methodology on computational
dynamics (CFD);

Determination on the shearers voltages, dynamic
pressure and hydrodynamic modes on mixing,
depending from the specifics on the specific system;
Analysis on available correlations for the odds-on mass
broadcasting nearby to semi-permeable membrane, as
well as on those predicted from the CFD simulations;
Research on mass broadcasting in various
constructions on cells for nanofiltration:

in the boundary layer to membrane surface;

for the cell as a whole;

determination on the odds-on mass broadcasting from

fluid to the membrane;

S)

6)

I will be proposed method for assessment on efficiency
on filtration process through key parameters that
connect hydrodynamics with the separating process
with the aim of determination on the optimal
conditions on the process.

Comparison of the CFD simulations with experimental
one’s data.
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III. MODEL FOR STUDYING NANOFILTRATION
THROUGH COMPUTATIONAL FLUID DYNAMICS

The tasks were solved in a numerical experiment using the
ANSYS FLUENT R13.0 software. The software combines
tools with a graphical interface, providing setup and solutions
for tasks related to real fluid hydrodynamics. The central
module (Solver) of FLUENT solves the Navier-Stokes
equations under specified boundary conditions and generates
information about the hydrodynamic field by setting values for
a wide range of hydrodynamic variables for each point of the
analyzed volume. With its help, the numerical simulations
related to the tasks set in the dissertation were carried out. For
this purpose, the workflow is divided into several stages,
including: /1/ preparation of an accurate geometric model, /2/
discretization of the volume using the computational grid of
cells, /3/ carrying out a computational iteration procedure for
numerically solutions the transport equations, /4/ processing
and analysis of obtained hydrodynamic solution (Figure 1)
[15].

v A v 8 v c v L) v E
2 [ Geometry v/ ,———2 [ Geomety v/ , €2 @setw v, o2 @setp &, a2 @sep &,
Geometry 3@ Mesh V- 3@ souton ¥ 3@ souton ¥ 3@ souton ¥

Mesh 300_rpm 600_rpm 1000_rpm

Figure 1. Workflow
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IV . CFD STUDY OF FILTERATION CELLS

1. CFD study of an external membrane with permeate flow
perpendicular to the membrane surface

Membrane cell with agitator and flat bottom membrane,
Dead-End type, i.e. the directions of movement of the fluid and
the permeate coincide (perpendicular to the membrane
surface).

The proposed numerical model is based on a laboratory
membrane nanofiltration cell. MET cell, manufactured by
Evonik MET LTD, UK [16]. The cell geometrical model
(based on the laboratory cell dimensions) for the numerical
simulations had a cylindrical upper section and a conical base
section with dimensions 100 mm total height, 46 mm diameter
of the upper section and a membrane diameter T = 83 mm. It
was stirred by a stirrer with a height 12 mm at a distance of 4.5
mm from the membrane surface. In the experimental module
the agitator is a polymer coated magnet rotating in a magnetic
field, the base of the cell being placed on the plate of a magnetic
device The laboratory model of the cell is located in University
of Chemical Technology and Metallurgy, Department of
Engineering "chemistry" (figure 2). The geometry of the
stirring cell is shown in Figure 3.

12



(1) Regulator on pressure;
(2) Magnetic stirrer;
(3) Filter cell;

(4) Measuring cylinder
(Permeate).

Velocity Mag

-nitude

[mis]
0.44
0.39
0.34
0.29
0.24
0.19
0.15
0.10
0.05
0.00

membrane

Figure 3. A Dead-end filtration cell: dimensions and flow pattern by
velocity vectors (colored by velocity magnitude) at 300 rpm
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1.1. Preliminary information from physical experiments to
determine the simulation conditions

The dead-end filtration data refer to laboratory cell (MET
cell, Evonik MET LTD, UK) with effective surface arca 4=54
cm?2, 20bar transmembrane pressure (TMP), working volume
up-to 200ml.

The nanofiltration cell provides for a single loading of fluid
and filtration to a certain permeate / retentate ratio, followed by
reloading. This design is suitable for laboratory studies and is
widely used for the initial study of flow and retention behavior
for a given system. This periodic operation implies a greater
likelihood of fouling and/or clogging of the membrane.

The permeate flux J (L/m % h) was obtained from the
permeate volume V (ml) determined at various times t (s):

_n
J=73 (2)
Flux evolution over the time of filtration J (t) was measured
after each 20ml permeate. Membranes resistant to organic
solvents were used: Duramem TM (MWCO 300 and 500 Da)
and Starmem TM 240 (MWCO 400 Da ). The results are
illustrated by polyphenols and flavonoids concentration in
ethanolic (96%) extracts of: (I) Mursalski tea (aerial parts of
cultivated hybrid Sideritis scardicaxSideritis syriaca); (II)
tobacco leaves (Nicotiana tabacum L.), (III) (Hypericum
perforatum L. - petals, leaves, buds) The relevant bioactive
compounds in the extracts have molecular weight from 300 to
more than 700Da [17].

1.2 Model features and boundary conditions

To create an accurate 3D geometric model, the following
sequence was adopted for building a virtual prototype of a
membrane filtration cell:

14



» Construction of the exact geometry of the mixing device.
In this case, a method for building the mixer blades and
the " Pattern " function for subsequent rotational copying
were applied.

» Construction of the disk to the blades and shaft. Simple
cylindrical bodies with a given diameter and height are
constructed.

» Creating a body that outlines the volume of the vessel. In
this case, these are 2 cylinders and a truncated cone
between them, with the corresponding heights and
diameters.

As a result of the above sequence, an accurate geometric
model of a filtration cell with a flat membrane was built (Figure
4).

.......... _—‘:Ej

Figure 4. Computer model of DE membrane filtration cell

After the geometric model is formed, the surfaces necessary
to set the boundary conditions are determined. This is
extremely important because it shows the computational
module how to treat the individual geometric figures. For the
purposes of the process in this study, the classification is as
follows: agitator, shaft and membrane. As a final stage of this
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procedure, a tetrahedral mesh is built with an increasing
number of elements towards the membrane surface.

The simulations were conducted with two agitator diameters
25 mm and 34 mm. For illustration, the network at a 25 mm
agitator diameter is presented in Figure 5.

Figure 5. Numerical mesh of the stirred DE filtration cell,
containing 959 128 elements.

Figure 6 shows the same configuration with a stirrer diameter
of 34 mm.

Figure 6. Numerical mesh of the stirred DE filtration cell,
containing 1 382 526 elements.
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The computational process was set up in several stages using
the " Solver " panel. The main parameters related to the
calculation methodology are set in it:

» The introduction of turbulence into the transport equations
is carried out through models for finding the turbulent
kinetic energy k and the rate of its dissipation €. A
realizable  k-e  model of  turbulence  was
employed

» The calculations were performed using the physical
properties of water at 20°C, which is assumed to be
incompressible and isothermal with constant density and
viscosity.

» The rotation speed of the stirring device during the
experiment was 300, 600 and 1000 rpm, respectively.

» The adopted model of the single moving reference system
(Moving reference frame - MRF) [18]allows for a steady-
state solution. For a steadily rotating frame (i.e., the
rotation rate is constant), it is possible to transform the
equations of motion of the fluid to the rotating frame so
that steady-state solutions are possible. By default,
ANSYS FLUENT allows the activation of a moving
reference frame with a constant rotation rate. If the
rotation rate is not constant, the transformed equations will
contain additional parameters that are not included in the
FLUENT formulation.

» For elements classified as walls, the velocity is zero;

» The outlet pressure is set to 0 Pa. This contradicts the
physical process of filtration, but the pressure value does
not affect the solution of the adopted equations. In the k-
epsilon turbulence model, the return flow through the
boundary surface is assumed to be turbulent kinetic energy
1 m2/s ?and the dissipation rate of turbulent kinetic energy
1 m?2/s3.

» The computational procedure is initialized by setting
specific values for the following variables, characteristic

17



of the hydrodynamic model, as initial values for the first
iteration. The velocity components in the volume x, y, and
z are set to zero. The initial turbulent kinetic energy is set
to 1 m?/s?, and the turbulent kinetic energy dissipation rate
is set to 1 m?/s>.

» After tests for the independence of the results from the
network, a good compromise between the computational
time and the deviations of the parameters was found. The
convergence criteria are monitored during the
computational procedure. It is automatically interrupted
when all the specified criteria are met. In the specific
studies, a convergence criterion of 1e-05 for all equations
in the solved system was adopted.

1.3. Results - velocity distribution, shear stress, mass
transfer coefficient in DE filtration

The present study simulates the flow behavior in a DE
filtration cell, by revealing the effect of stirrer’s speed on the
velocity and shear stress distribution at the membrane surface.
The rotation of the stirrer induces a strong tangential flow at
the DE cell bottom, which swipes the membrane surface and
prevents from membrane fouling. The increasing of the
permeate flux with increasing of stirrer speed observed from
the experiment is connected with the increase of the shear
forces at the membrane surface, which enables to control the
membrane operation.

Figure 7 shows the shear stresses on the membrane surface
at rotation speeds of 300, 600 and 1000 rpm and a stirrer
diameter of 25 mm. The same are presented in Figure 8 at a
stirrer diameter of 34 mm.
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d=25 mm
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 8.00e-01

300 rpm

6.06e-01

4.12e-01

||
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contour-1
Wall Shear Stress
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Figure 7. Contour plots of shear stress (Pa) distribution on the membrane
surface at stirrer diameter of 25 mm
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d =34 mm

contour-1
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Figure 8. Contour plots of shear stress (Pa) distribution on the membrane
surface at stirrer diameter of 34 mm
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An increase in the stirrer speed from 300 to 1000rpm leads
to 7-fold rise in the calculated average wall shear stress, shown
in Figures 9a) and 9b). The evolution of the minimum, mean
and maximum shear stress is presented as a function of the
stirrer Reynolds number:

Re = (224, 3)

u

where N the stirrer speed (s), d is stirrer diameter (m), p is the
density of the fluid (kg.m?) and p is the dynamic viscosity
(Pa.s).

The data in Figures 9a) and 9b) correspond well to the
measurements by an electro-chemical technique in a DE stirred
filtration cell, Koutsou and Karabelas [19], an agitator of the
same design and similar dimensions. The reported average
membrane shear stress is in the range of 0.8-9Pa at 150-900rpm
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Figure 9. Shear stresses (Pa) versus Re number, Area-weighted mean and
maximal a) at a stirrer diameter of 25mm; b) at a stirrer diameter of 34

mm

Figure 10 show the result of the calculations for the maximum
and average mass transfer coefficient to the membrane surface.

22



114e-04
1.00e-04
1.030-04
9736-05
18005
8560-05
8016-05
7 44e-05
6870-05
620005
5726-05
5.150-05
4.580-05
4.01e-05
3430-05
2 86e-05
2.29e-05
1720-05
1.146:05 !_3(
5726-06 d
1.02e-04
950005
447605

| 0.002+00
600 rpm
877605 p
804605
731605
5586-05
585005
512005
430005
365005
292605
219605
148005 l_}
7.316-06 r
I 357605

300 rpm

1.46e-04
1.30e-04
1.320-04
1.24e-04
1.17e-04
1.10e-04

179-04
1.70e-04
161e-04
1.520-04
143e-04
1.34e-04
1.25¢-04
116e-04
1.07e-04
9.83e-05
8.040-05
8.04e-05
7.15¢-05
6.25¢-05
5.36e-05

@ 1000 rpm

179005
804008 :

0.00e+00

Figure 10. Contour plots of mass transfer coefficient distribution (m/s) on
the membrane surface
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This work presents a fluid flow simulation of a dead-end
(DE) filtration cell including mass transfer modelling using
CFD. The effective membrane operation is dependent on the
formation of a concentration polarization layer at the
membrane surface and membrane fouling, which is controlled
mainly by the shear stress and mass transfer coefficient
distribution and magnitude at the membrane surface.

The local mass transfer coefficient ki (m/s) is evaluated
from the distribution of the wall shear stress on the membrane
surface by using the correlation of Reiss and Hanratty [20]
(equation 4). The equation relates the shear rate and the

diffusion rate in the boundary layer.
1/3

k;, = 0.862 (%Z) , 4)

where t indicates the wall shear stress (Pa), D is the diffusion
coefficient ~ 6.7.10 '®m 2 /s and d . is the sensor diameter

(0.001 m).
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Figure 11. Area-weighted mean and maximal mass transfer coefficient at
the membrane surface, m/s x 10 ~%; a) at stirrer diameter of 25 mm; b) at
stirrer diameter of 34 mm

Calculations with a 0.025 m diameter of the agitator show
that the smaller diameter leads to a decrease of 67- 72 % in the
mean wall shear stress at the membrane and consequently 31-
35 % decrease in the mean kL in the range of the rotational
speed 300 -1000 rpm, corresponding to Re = 5800 - 19200.

For a specific cell and stirrer geometry the CFD simulations
allow visualizing the velocity and shear stress field close to the
membrane surface (Figure 12a). They show an uneven shear
stress distribution on the surface of the membrane, with values
varying within one order of magnitude.

Due to the low ratio of the stirrer to membrane diameter
(0.41), a considerable zone of the membrane operates under
low fluid velocities, this observation being related to the mass
transfer resistance in the adjacent boundary layer. The latter is
expected to decrease with increased shear stresses at the
membrane surface and can be observed from the velocity
distribution to the membrane and the boundary layer thickness.
The same figure illustrates the points, where velocity profiles
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normal to the membrane are taken. Because of the axial
symmetry of the flow, five points along the membrane radius
were chosen — two of them lying inside and three - outside the
zone of the stirrer (distance from the axis respectively 5.18 mm;
10.37 mm; 20.74 mm; 31.11 mm; 39 mm). The stirring velocity
was equal to the one used in the experiments, i.e. 300 rpm. The
respective velocity profiles close to the membrane are shown
in Figure 12b). They refer to the space under the stirrer
(distance 5 mm from the bottom). Moving from the stirrer’s
axis towards the periphery of the vessel the velocity increases
while in the stirrer zone; then gradually decreases, the velocity
profiles becoming smoother.
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Figure 12. CFD simulations of a) shear stress (Pa) distribution on the
membrane surface; b) velocity profiles to the membrane

CFD simulations of the nanofiltration cell show an uneven
shear stress distribution on the surface of the membrane, due to
unfavorable stirrer to membrane diameter ratio. (=0.41). The
latter is important for the mass transfer resistance in the
adjacent boundary layer, which is expected to decrease with
increasing shear stresses at the membrane. Thicker boundary
layers and high rejection coefficients favor the concentration
polarization influence. The boundary layer thickness,
determined by the zone with higher velocity gradient of each
profile, gives values between 60 and 430 mm for the above
mentioned five points, with an average value of about 250 mm
for the membrane as a whole.

These results also support the need for the aforementioned
mathematical model accounting for concentration polarization,
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as it manifests itself more strongly in the presence of a thicker
boundary layer and high retention coefficients at the
membrane.

Conclusions:

The mass transfer coefficient, calculated in accordance with
the concentration polarization theory, is comparable with the
reported values for natural antioxidants such as polyphenols.

The study allows to calculate and predict the importance of
concentration polarization in the separation of polyphenols by
nanofiltration as well as to improve the process conditions

2. CFD study of an external cylindrical cell with permeate
flow tangential to the membrane surface (CF)

A MET cell ( Membrane Cell) cross-flow system was used.
Extraction Technology Ltd., UK, with four series-connected
flat sheet cells (membrane area 54 cm ?) at a constant cross-
flow rate of 2x10° m*/s and a transmembrane pressure of 20
bar. The filtration cell is a flat cylinder 5 mm high, with a
membrane at the bottom of the base with a diameter of 83 mm
(Figure 13).

Veloci
Streamiine 1

4.09
ISSO
292

membrane

Figure 13. Cross-flow filtration cell: dimensions and cross-flow
streamline (colored by velocity magnitude) at Qf =2x10-5 m3/s
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As can be seen from Figure 13, this cell is flow-through,
with the inflow and outflow illustrated in the figure.

2.1. Preliminary information from physical experiments to
determine the simulation conditions

The simulated cross-flow cell is taken from a study on
concentration of polyphenols from ethanolic extract of
Mursalski tea (Sideritis ssp.). A Duramen 500 membrane was
used, details of the experimental setup are presented in [21].
The membrane was pre-adapted with the solvent. The permeate
flux J (L/m 2 h) was obtained from the permeate volume V (ml)
determined at various times t (s) - (equation 2).

The solution enters the cylindrical cell tangentially through
the surrounding wall of the cylinder and leaves the cell at the
center of the upper base, providing turbulent hydrodynamic
conditions (Figure 14). The membrane area is 54 cm? in
tangential Cross-Flow mode, i.e. the directions of movement of
the fluid and the permeate are mutually perpendicular.
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Figure 14. Scheme of an external circular CF membrane cell
2.2 Model features and boundary conditions

The geometric model is shown in Figure 15. The height of
the retentate channel is 5 mm, and the diameter of the inlet and
outlet is d in/out= 3 mm, the cell diameter is D = 83 mm. The
tangential feed inlet results in rotational turbulent flow in the
cell, which ensures stable operation, by reducing concentration
polarization and preventing from membrane fouling. The
concentrate outlet is in the centre of the cell top. The cell
bottom represents a membrane
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Membrane
Figure 15. 3D geometric model of a circular CF filtration membrane
cell with tangential fluid supply

The mesh of the 3D calculation domain is tetrahedral,
allowing refinement near the surface of the membrane - figure
16 and contains 809 293 cells, cells was found appropriate for
mesh independent results.

Figure 16. Numerical mesh of the stirred CF filtration cell,
containing 809 293 cells

The computational process is set up in several stages via
the “Solver” panel:
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The “Realizable k-¢ model” model of turbulence;

The used liquid is water with constant physical - chemical
properties;

The speed on feed is 1.58, 2,83 and 5.90 m /s, at debit
Qr=0.7 - 2.5 /min;

The boundary condition for the pressure output is (p = 0);
All remaining hard walls on the vessel (membrane, wall-
solid) are asked as boundary condition type wall no-slip;
For each solution, convergence was monitored
continuously. In the specific studies, a convergence
criterion of 1e-04 was adopted for all equations.

YV VYV YV VY

2.3. Results — velocity distribution, shear stress, mass
transfer coefficient in CF filtration

Figure 17 presents the shear stresses on the membrane
surface at a flow rate Qr= 2.5 L/min.

Figure 17. Contour plots of shear stress (Pa) distribution on the
membrane surface at Q y=2.5 L / min

The tangential orientation of the feed inlet results in a
swirling flow within the cell that sweeps across the membrane
surface and provides tangential flow with no moving parts near
the membrane, as illustrated by the flow lines in Figure 18.
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Figure 18. Velocity distribution (m/s) at a) the flow lines of the flat
circular cell; b) a plane perpendicular to the membrane

The average shear stress versus feed flow rate - Figure 19 -
is compared with experimental data showing the increase in
permeate flux with increasing feed flow rate - Figure 20. The
comparison confirms the relationship between the increase in
permeate flux and the shear forces at the membrane surface,
which leads to a decrease in concentration polarization.
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Figure 19. Average shear stress (Pa) versus feed flow velocity (m/s)
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Figure 20. Experimental data from the literature on permeate flux
dependence on feed flow rate at different TOABr concentrations in
toluene solutions
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The mass transfer coefficient on the membrane surface is
calculated by equation (4) and shown in Figure 21. At flow rate
Q ¢= 1.2 L/ min, Schmidt number Sc = u /D, = 1.5 x 10 *and
constant solution properties, u = 0.001 kg/m.s. The distribution
seems quite regular, with the exception of small regions of high
values at the periphery and the centre of the membrane,
corresponding to high shear stress.

2.87e-04
2.76e-04
264e-04
252e-04

24%e-04
2.29e-04
217e-04
2.06e-04
1.94e-04
1.82e-04

1.70e-04
1.5%-04
147e-04
I 1.35¢-04

124e-04
1.12¢-04
1.00e-04
8.87e-05
7.70e-05
6.536-05
5.36e-05

Figure 21. Color contours of the mass transfer coefficient distribution
(m/s) on the membrane surface, Q r=1.2 I/ min, Sc =1.5X10 , Re =28300

For the visualization of the concentration distribution and
the concentration boundary layer, simulations are performed at
Sc =10 because the small dimensions of the concentration layer
at the typical in filtration Schmidt number Sc ~ 103 need very
fine mesh close to the membrane surface and much more
computational time. The concentration boundary layer is about
1/10 of the viscous sublayer at typical conditions of cross-flow
filtration (Reiss and Hanratty, 1963) [20].

Figure 22 a) illustrate the concentration boundary layer at
the membrane surface. As seen in Figure 22b, the boundary
layer thickness is smaller at higher velocity in the peripheral
zone. In the case shown in Figure 22c of smaller Reynolds
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number (Re), due to higher viscosity, the boundary layer is
much thicker and regular.

150802
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)—C)

Sc =10, Re =28300 Sc =10, Re =283

Figure 22: Contour plots of mass fraction c (kg/kg) at the mid-vessel plane,
Sc = 10, Q= 2-10”° m’/s with velocity vectors in the vicinity of the
membrane, coloured by velocity magnitude v (m/s)

The space-average Sherwood number (Sh) is calculated by the
correlation for turbulent flow in a pipe from Chilton-Colburn
analogy [21]:

Sh = 0.023Re?85¢0-33 (5)
where :
Sh ==L (6)
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and
_ vrdn
Re = = (7

Here ki denotes the average mass transfer coefficient (m/s),
vris the feed inlet velocity (m/s), dj indicates the flow hydraulic
diameter (m), and v = 1x10 ®*m 2/s is the kinematic viscosity.
In order to determine the hydraulic diameter, it is assumed that
the fluid movement in the cell resembles flow in a spiral
channel. Since the cell height /# is much smaller than its
diameter, the hydraulic diameter is calculated by dj, = 24, which
is accepted for large flow aspect ratio width to height. The
equation has been successfully used in [21] for OSN in a cross-
flow cell with the same configuration, but larger membrane
surface area (78 cm?). A comparison of our results for ki with
data from literature sources is presented for reference in Table
1.
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Table 1. Comparison of calculated mass transfer coefficient (m/s) with
reference data

Author Of Inlet Volume Rex10- Sh kLx103

(I/min) speed  average 4 (m/s)
vr(m/s) cross-flow
speed Vva
(m/s)
This study ,
Sc=1500
0.7 1.58 0.57 1.58 586 3.93

1.2 283 0.25 283 934 6.26
25 590 1.70 590 1680 113
Peeva and al .

(2004)
0.7 - 0.6-1.9
1.3
2-2.5 1.7-53
Koutsou and
Karabelas
(2012)
Sc =2025 500- 2-11
950

It can be seen that the values of the average mass transfer
coefficient k. are comparable to the data of other authors. It
should be noted that the lower values of the mass transfer
coefficient, reported in [21] are obtained for higher viscosity of
the systems investigated there and bigger dimensions of the
filtration cell, leading to lower cross-flow velocity.

Table 1 shows a good agreement of the present results with
the electrochemical measurements in [19], in a dead-end
filtration cell with stirring.
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Conclusions:

The calculated values of local and average mass transfer
coefficients are comparable with the available reference data
from literature sources. The picture of the local mass transfer
coefficient obtained corresponds to the particular membrane
shear stress distribution and is related to similar input
parameters, such as cross flow velocity and system
physicochemical properties.

The tangential orientation of the feed inlet results in cell-
contained swirling flow that sweeps the membrane surface and
ensures tangential flow near the membrane, eliminating the
need for in-built mobile components. The circular turbulent
flow is favorable for high membrane shear stress, preventing
fouling.

The increase in the mass transfer coefficient with cross-flow
velocity, in agreement with experimental data, confirms the
relation of the increase in the permeate flux with the reduction
of the concentration polarization layer.

3. CFD study in a rectangular filtration cell

3.1. Preliminary information from physical experiments to
determine the simulation conditions

A laboratory membrane filtration unit (MaxiMem,
Prozesstechnik GmbH) with a rectangular flat-sheet membrane
of 215 cm? active area was operated at different pressures (5—
20 bars) and cross-flow rates (CFR 50—125 L/h). [22], is shown
in Figure 23. The laboratory model of the cell is located in
Institute of Solid-State Physics at the Bulgarian Academy of
Sciences.
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Figure 23. Rectangular external filtration cell

3.2. Model features and boundary conditions

CFD modeling (FLUENT code) is focused on determining
the shear stress along the membrane surface.

An accurate 3D geometric model of a rectangular extended
membrane cell is presented in Figure 24. The model was built
in the Ansys environment. Design Modeler. After shaping the
geometric model, the surfaces necessary to set boundary
conditions (inlet, outlet, membrane) are defined.

x
g 2400 0wt Y’

=@ )

Figure 24. 3D geometric model of a rectangular extended membrane cell
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The 3D computational domain mesh is tetrahedral, allowing
for densification near the membrane surface. It contains 1 129
587 elements, shown in Figure 25. The analysis of the
dependence of the results on the number of cells was performed
in order to select a mesh that achieves high accuracy of the
results and optimal calculation time.

Figure 25. Numerical mesh of the stirred DE filtration cell,
containing 1 129 587 elements

The calculation process is set up in several stages through
the "Solver" panel. The main parameters related to the
calculation methodology are set in it.

» The calculations were carried out taking into account
gravity and the physical properties of water at 20°C and
atmospheric pressure;

» Steady-state flow was assumed in the 3D computational
domain under laminar regime (Re = 260-660)
corresponding to the experimental conditions in the cell.
These assumptions are supported by the operation of the
NF cell in cross-flow mode with constant flow rate, the
permeating flow rate through the membrane (0.21-0.43
L/h) being negligible when compared to the cross-flow
one (50-125 L/h);

» The velocity indicated at the inlet (0.034, 0.051, 0.068,
0.085 m/s). Velocity was specified at the inlet; its value
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was in accordance with the range of CFR used in the
experiments and the particular geometry (cross section
area) of the cell inlet;

» At the outlet, a pressure outlet boundary condition was
assumed (p = 0);

» No-permeation and no-slip conditions were set at the
membrane wall;

» In the specific studies, a convergence criterion of le-04
was adopted;

» Impermeable membrane.

3.3. Velocity distribution, shear stress and mass transfer
coefficient in CF filtration

This study considers the effect of cross-flow velocity and
transmembrane pressure on flux and rejection behavior during
nanofiltration. Along the cell a higher intensity of the shear
stress is observed in the upper part (accounting for the vertical
position of the cell and downward motion of the fluid) i.e. close
to the feed channel, - figure 26. This observation is confirmed
by the membrane surface itself after filtration. A picture of the
latter is shown in figure 27.
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Figure 26. Contour plots of shear stress (Pa) distribution on the
membrane surface, at tangential velocity a)0.034, b) 0.051, ¢)0.069, d)

0.086 m/s
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Figure 27. Photo of the membrane
surface after nanofiltration

Figure 28 presents the velocity distribution through colored
contours at different flow rates.
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Figure 28. Contour plots of velocity magnitude (m/s) on the mid-vessel
plane at a distance of 1 mm, at tangential velocity a)0.034, b) 0.051,
¢)0.069, d) 0.086 m/s

The effect of higher CFR is found in inhomogeneity of the
shear stress distribution at the membrane, i.e. the maximum
shear stresses enhance faster than the respective minimum and

45



mean averaged values. The results of the CFD simulations —
range of velocity and shear stresses, as well as the homogeneity
of the latter around the membrane — can be related (though
qualitatively) to the experimentally observed insignificant
effect of concentration polarization and fouling, i.e. the
hydrodynamic conditions in the cell are considered favorable
for NF treatment of this multicomponent system, in which the
three groups of components were targeted. A 2.5-fold increase
of the CFR leads to a 3.7-fold higher calculated maximum
shear stress, while the mean surface averaged values increase
2.7 times. These results are illustrated in Figure 29.
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Figure 29. Shear stresses (Pa) vsersus tangential flow rate (CFR)

Conclusions:

The CFD simulation revealed the flow pattern in the
filtration cell and a uniform distribution of the wall shear stress
over the whole membrane surface. This result confirmed the

46



good conditions, in terms of fouling control and concentration
polarization, in the considered modes of operation.

4. Comparative analysis of CFD simulation results of
nanofiltration in DE and CF filtration modes

Our results regarding the behavior of the permeate have
been processed. flow over time in nanofiltration with two types
of cells (DE and CF) to analyze the hydrodynamic environment
around the membrane surface, which is directly related to the
phenomena of membrane fouling/clogging and subsequent
reduction of the permeate flux. In the practice of membrane
separation, semi-empirical models are used to describe the
kinetics of this process. In the case of natural extracts, these
models prioritize the mechanism of sediment deposition on the
membrane surface. The concentration profile at the membrane
surface, which is directly related to the phenomena of
concentration polarization, depends on the instantaneous value
of the permeate flux. In these cases, the hydrodynamic field
around the membrane plays a significant role in preventing
these processes. The CFD approach used in the dissertation has
a great advantage, allowing us to see the distribution of
velocities and concentrations and the related calculations (shear
stresses, mass transfer coefficients) in the context of a specific
membrane cell or submerged membrane reactor design.

In the present work, the hydrodynamic model is for a flat
filtration cell with normal and tangential flow to the membrane
(DE, CF). In the second case, the calculations were performed
for two different cell geometries and flow introduction
methods. The obtained shear stresses, averaged over the
membrane surface (distance 1 mm) were processed as a
function of Re of the mixer (for the DE cell) and Re of the
surrounding fluid (for the CF cell). The spatial distribution of
the local mass transfer coefficients provides information about
the distribution of the efficiency coefficient Ex over the
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membrane surface. The membrane surface-averaged value of
Ef is an important characteristic that depends on the reactor's
operating conditions: Reynolds number, apparent viscosity, and
aeration rate.

The rotation of the agitator causes a strong tangential flow
in the cell, which slides on the membrane surface and prevents
its fouling. The increase in permeate flux with increasing stirrer
speed, as observed in the experiment, is associated with an
increase in shear forces on the membrane surface, allowing for
control of its operation.

The increase in the rotational speed is one of the main
measures to control the mem-brane fouling. It results in an
increase in the wall shear stress at the membrane surface, and
not so substantial increase in the mass transfer coefficient
(equation 3). The effect of the rotational flow speed over the
membrane surface is demonstrated in Figs 30 and 31.

10 —%=34 mm
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g 1 7
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Figure 30. Area-weighted mean shear stress (Pa) at the membrane
surface for d=25 mm and d = 34 mm
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Figure 31. (a) Area-weighted mean shear stress T (Pa); (b) Mass transfer
coefficient km (m/s) at the membrane surface for
d=25 mm and d =34 mm

The results for the case 1 of the smaller stirrer with d = 25
mm compared to the case 2 with d = 34 mm show a substantial
decrease in the mean area-weighted wall shear stress at the
membrane of about 67% difference (for rotational speed 300 -
1000 rpm), Fig.31a. The bigger stirrer diameter is important
mainly for ensuring conditions of high shear stress at the
membrane, favorable for control of concentration polarization
and stable filtration process but the effect on the mass transfer
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coefficient is not so substantial. Due to the relation in Eq. (4),
according to which at constant physical properties the
respective decrease in the mean area-weighted mass transfer
coefficient with the small stirrer is with smaller difference of
about 37% (Fig. 31b).

The obtained distribution of ki, over the membrane surface
(figure32) at d = 34 mm, N = 1000 rpm shows that the highest
value Kmax = 1.55x10* m/s is achieved at a radial distance r =r.
close to the agitator tip. The maximum value of the local mass
transfer coefficient, achieved under these conditions, can be
taken as the highest achievable mass transfer rate for the
filtration cell. The filtration efficiency, presented in Figure 33,
is calculated as the ratio of the mass transfer coefficient,
weighted by the membrane area average value, to
Kmax= 1.55x10* m/s (Eq. 1).
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Figure 32. Contour plots of the local mass transfer coefficient distribution
ki (m/s) over the membrane surface at 1000 rpm and d=34 mm

Higher mass transfer effectiveness (Ef) is obtained at higher
rotational speeds and greater stirrer diameter, which is
demonstrated by the plots in Fig. 33. The increase in the
effectiveness at 1000 rpm compared to that in 300 rpm is about
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2 times. The increase in the effectiveness at d=34 mm,
compared to the case at d=25 mm is about 1.5 times.

1
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Figure 33. Mass transfer efficiency in a DE filtration cell versus stirrer
speed (rpm)

The increase on the stream on permeate with increasing on
speed on the mixer, observed from experiment, is associated
with the increase on the forces on shearing on the surface on
the membrane, which allows yes is controls the work on the
membrane. Known are several criterions for comparison of DE
and CF modes:

» equality of Reynolds numbers in the two membrane
cells, calculated with the diameter and peripheral speed
of the agitator (DE) and, respectively, the tangential
flow velocity and hydraulic diameter of the cell (CF);

» uniform shear stresses averaged over the membrane
surface;

» mass transfer coefficients averaged over the membrane
surface.

The resulting dependencies, following each of these criteria,
differ, which is why experimental confirmations are an
indispensable part of the study.
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The comparison between the two regimes provides
guidance on the required rotation speed in the DE cell to
accommodate certain shear stress conditions in the CF cell. In
practice, this compliance usually moves from small-scale DE
(laboratory studies) to CF with a transition to larger membrane
sizes, as this is the operating regime of industrial membrane
modules.

The resulting spatial distribution on the local odds on mass
transfer in DE filtration (figure 34) and CF filtration (figure
35), gives information for the distribution on Ey by the surface
on the membrane - figure 36 and figure 37.
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Figure 34 . Area-weighted mean and maximal mass transfer coefficient at
the membrane surface, m/s x 10 to membrane surface at
DE filtration relative versus Re number

52



v

~ :

€ v

El 9 v @— mean

o
@— max
0.1
1000 10000 100000
Re

Figure 35. Area-weighted mean and maximal mass transfer coefficient at
the membrane surface, m/s (m/s) x 10 * at
CF filtration versus Re number
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Figure 36. Mass transfer effectiveness in CF filtration cell versus Re
number
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Figure 37. Mass transfer effectiveness in CF filtration cell versus Re
number

Membrane cells are usually tested in advance by the
manufacturer and a recommended value or range is given for
the volumetric flow rate of the fluid through the cell (for CF)
or for the speed of the stirrer (for DE). The data shown in the
figure correspond to these ranges of values. In the literature, the
CF cell is considered to have advantages, which is also visible
in the presented figure, where the values shown for the CF cell
lie higher and the deviation between the maximum and the
average value is smaller, i.e. we have a better and more
homogeneous mass transfer along the membrane.

The comparative analysis between the DE and CF operating
modes provides valuable information for optimizing the
hydrodynamic parameters in the studied filtration cells. At a
stirring speed of 1000 rpm in the DE cell and a speed of 5.90
m/s in the CF cell, a general range of Reynolds number values
between 15 768 and 19 228 is demonstrated, which corresponds
to a similar hydrodynamic regime.

54



V. CONTRIBUTIONS

The contributions in this dissertation are related to
membrane integrated bioreactors and are aimed at a wide range
of industrial applications. The main results presented in the
dissertation were obtained by computational fluid dynamics
modeling, based on previous experience with concentration of
antioxidants, such as polyphenols and flavonoids, from natural
product extracts by nanofiltration. The numerical study uses the
ANSYS FLUENT tools, based on the finite volume method, to
numerically solve the Navier- Stokes equations.

1. Evaluation of the influence of the hydrodynamic picture
and shear stress distribution in membrane filtration
processes using computational fluid dynamics

» The knowledge on membrane separation/concentration by
tangential nanofiltration for concentration of biologically
active compounds in extracts of medicinal plants with
organic solvents has been supplemented. The influence of
two factors — solute concentration and tangential flow
velocity, which are closely related to concentration
polarization in tangential nanofiltration, has been
analyzed.

» The experimental approach is complemented by
numerical techniques to evaluate the role of the cross-flow
pattern in the cell. The velocity and shear stress
distribution on the membrane surface was obtained
through CFD simulations. The calculations allow
determining a range of speeds and voltages representing a
compromise between minimal membrane clogging on the
one hand and minimal stress/damage to the cell mass in
the volume of a stirred membrane bioreactor.
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2. Description and prediction of mass transfer in membrane
filtration processes using CFD

» The CFD simulation reveals the concentration distribution
in the feed channel. It complements previous flow model
data with new knowledge of mass transfer aimed at
understanding and controlling the concentration
polarization phenomenon. The obtained results are
analyzed in accordance with the available experimental
data.

» mass transfer in a filtration cell with normal flow and
mechanical agitation has been supplemented, and through
CFD simulations the local velocity profiles, the boundary
layer thicknesses and the distribution of local mass
transfer coefficients have been clarified, which allows a
better understanding of the mechanisms determining the
concentration polarization. The conclusions from them
find indirect support in the experimental observations in
the literature, including our own studies with
nanofiltration of natural extracts.

3. Performance evaluation method

» The developed method for assessing the transfer
efficiency in integrated processes in a membrane
separation bioreactor is based on the use of the potential
of CFD simulation and the relationship between the
hydrodynamic picture in the reactor and the conditions for
mass transfer through the membrane. It has a wide
potential for comparative analysis of different design
solutions.
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