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SECCION TECNICA
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Abstract

A Computational Fluid Dynamics (CFD) simulation has
been developed for an Anaerobic Membrane BioReactor
(AnMBR) to treat industrial wastewater. As the process
consists of a side-stream MBR, two separate simulations
were created: (i) reactor and (ii) membrane. Different cases
were conducted for each one, so the surrounding tempera-
ture and the total suspended solids (TSS) concentration
were checked. For the reactor, the most important aspects
to consider were the dead zones and the mixing, whereas
for the ceramic membrane, it was the shear stress over the
membrane surface. Results show that the reactor’s mixing
process was adequate and that the membrane presented
higher shear stress in the ‘triangular’ channel.

1. INTRODUCTION

Due to the increasing pollution and scarcity of water re-
sources, water treatment is extremely important nowadays.
Several wastewater treatment methods have been developed,

Palabras clave

Anaerdbico, CFD, concentracion de sélidos suspendidos
totales, MBR, transferencia de calor.

Resumen

Una simulacion en dindmica de fluidos computacional
(CFD) fue desarrollada para un Biorreactor de Membra-
na anaerébico (AnMBR) para el tratamiento de las aguas
residuales industriales. Debido a que el proceso consta del
reactor y de la membrana separados, se crearon dos simu-
laciones: (i) reactor y (ii) membrana; se consideraron di-
ferentes temperaturas del ambiente y concentraciones de
s6lidos suspendidos totales (SST). Para el reactor, los as-
pectos mas importantes a analizar fueron las zonas muertas
y el mezclado, mientras que para la membrana fueron las
tensiones de cizallamiento sobre su superficie. Los resulta-
dos muestran que el reactor tenia un proceso de mezclado
adecuado y en la membrana se presentan las mayores ten-
siones de cizallamiento en el canal ‘triangular’.

especially to satisfy new local and international laws that aim
to improve water quality. Membrane BioReactors (MBR) are
among the most effective wastewater treatment methods (Le-
mos et al., 2012). For large-scale implementation, accurate
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operational assessment must be conducted to reduce econo-
mic expenses, given that this process is one of the most ex-
pensive due to the filtration section (membrane). The aim of
this study is to perform a CFD simulation of a lab-scale MBR
located in a WWTP in Basel, Switzerland and analyze its per-
formance and possible modifications needed for large-scale
application. It has been noted that there is no significant state
of the art regarding AnMBR CFD simulations, and, as such,
the project is being based on previous research on anaerobic
digesters.

MBRs are primarily used to treat industrial and municipal
wastewater. The system consists of a bioreactor and a mem-
brane process. This process has become a very useful water
treatment method, and, more importantly, a future develop-
ment prospect for three reasons: (i) increasing legislative re-
quirements regarding water quality; (ii) decreasing process
costs and increasing funding and incentives; and (iii) increas-
ing confidence in this technology (Judd, 2006).

The MBR operation consists of two processes: biological
and filtration. The first is given by the bioreactor, which ac-
tivates the sludge using microorganisms. The second occurs
due to the membrane, which separates the solids from the lig-
uid stream depending on the membrane’s pore size (ultrafil-
tration or microfiltration). In this case, both processes happen
simultaneously allowing successful separation and excellent
water quality (Judd, 2006).

There are several parameters that influence the overall per-
meate flux: membrane resistance, operational driving force
per unit membrane area, hydrodynamic conditions of the
membrane, liquid interface, and the fouling and subsequent
cleaning of the membrane surface (Judd, 2006). Cleaning of
the membrane surface is the biggest drawback of MBR sys-
tems. Fouling reduces the lifetime of the membranes, which
directly affects the economic viability of the process due
to high membrane costs. Cleaning procedures are required
to counteract this drawback, and they can be carried out by
backwashing or, in severe cases, chemical cleaning may be
used.

Depending on the type of MBR, different configurations
are applied. For side-stream MBR (the membrane and reac-
tor are not in the same tank), turbulence is provoked by cross-
flow velocity; whereas, for immersed MBR (both membrane
and reactor are in the same tank), it is promoted by increasing
membrane aeration (Judd, 2006).

In addition, there are two operational conditions for MBR:
aerobic and anaerobic. This study focuses on the latter. An-
aerobic systems are used to process food, agriculture and ani-
mal waste where methanogenic bacteria decompose the or-
ganic waste producing methane (Wu, 2010). In this way, the
anaerobic process generates an energy source, reduces offen-
sive odors, greenhouse gas emissions and solid waste (Wu,
Bibeau & Gebremedhim, 2009). Moreover, some studies es-
tablish that AnMBR can generate an energy surplus of about
40%, which can be used for disinfection of the sludge and
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thermal drying, making this an excellent option for water
treatment (Lemos, Sertério, Silva & Pereira, 2012).

AnMBR performance depends primarily on pH, tempera-
ture, redox potential, feed characteristics, feeding patterns,
hydraulic retention time, and mixing characteristics. The lat-
ter are essential for achieving the correct operational condi-
tions by uniforming pH and temperature, transferring sub-
strates to the microorganisms and diluting the liquid in case
of the presence of an inhibitory substance (Terashima et al.,
2009). There are three types of mixing: gas mixing, pumped
recirculation and mechanical mixing. Mechanical mixing is
the most effective, although complex as it is governed by
momentum, continuity and turbulence equations. Thus, some
assumptions must be made for the adequate development of a
theoretical model (Wu, 2010).

In general, this study will be considered a step towards the
development of new techniques to decrease AnNMBR low ef-
ficiency drawbacks, in terms of incomplete mix in the reac-
tor and no homogeneity of fluid. Also, possible damage can
be prevented in the membrane by analyzing peaks in shear
stress due to fouling, and a relationship between TSS concen-
tration in the inlet and shear stress.

2. MATERIALS AND METHODS

2.1 PROCESS DESCRIPTION

The overall process of a side-stream AnMBR is located at an
industrial WWTP in Basel, Switzerland. It consists of two
parts: a bioreactor and two ultrafiltration (UF) membranes
in series. The bioreactor and membrane dimensions are ob-
served in Figure 1 (i) and (ii), and the overall process in (iii).
The nominal volume of the bioreactor is 50 L; and the mem-
brane area varies depending on the installed membrane (0.25
m2 in this study). The membrane is operated in continuous
cross-flow mode; the retentate is mounted onto the bioreac-
tor vessel tangentially, so that circulation of the mixed liquor
is induced. The membrane length is 1.5 m. The products are
permeate and biogas. The reactor has a thermal jacket to
maintain the desired temperature.

2.2 STATE-OF-THE-ART OF CFD MODELING OF
ANMBR AND ANAEROBIC DIGESTERS

CFD can be used for modeling different processes, and
studying the behavior of fluids under different scenarios.
When MBRs are studied, sub-models that calculate transport
of sludge and membrane filtration generate more accurate
results (Blazek, 2005). Calculation of different phenomena
(mass, energy, momentum) results in a series of partial dif-
ferential equations (PDE), which are simplified to algebraic
equations. Numerical models are based on physical phenom-
ena (turbulence, multiphase and moving mesh) that occur in
the system. The current principal models used in AnMBR are
summarized in Table 1.
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Figure 1. (i) Bioreactor, (ii) membrane (units in mm), (iii) AnMBR schematic flow diagram.
Source: Own work.

Membrane module

X . Model Study Turbulence model Reference
configuration
Rotational cross-flow Single phase Shear stress over the ke Torras, Pallares, Garcia-
glep membrane surface Vales & Jaffrin (2006, 2009)
Flat sheet Mixture Prediction of FII’CU|al‘IOn SSTke w Prieske, Drews & Kraume
velocity (2008)

CFD simulation of mixing in

o Laminar Terashima et al. (2009)
anaerobic digesters

Anaerobic digester Single phase

Three-dimensional
Anaerobic digester Single phase numerlcal smula‘uqn model Laminar Wu et al. (2009)
of biogas production for

anaerobic digesters

CFD simulation of gas and
non-Newtonian fluid two-

Anaerobic digester Eulerian . . Multiple models Wu et al. (2010a)
phase flow in anaerobic
digesters
Analysis of mass transfer
Tubular membrane . characteristics in a tubular Yang, Vedantam, Spanjers,
Mixture . RNG k- € .
(AnMBR) membrane using CFD Nopens & van Lier (2012)
modeling

Table 1. Previous studies on AnMBR CFD.
Source: Own work based on the information from every paper quoted.

2.3 CFD PROCEDURE 2.3.1. Create the geometry: Solid Edge® was used to cre-

o ) ) ate the bioreactor and the membrane geometry, based
Considering the presence of Navier Stokes equations that on the dimensions used in industrial WWTP in Basel
guide the fluid behavior and the difficulty in finding solutions (Figure 1).

for partial differential equations, we used the STAR CCM+®
software, which employs the finite difference numerical 2.3.2. Perform meshing: An independent meshing analysis

method (discretization of domain and time) to find an ap- was performed considering three sizes with a 30%
proximate solution. The method consists in dividing the do- variation from the base size. No significant changes
main into control volumes and approximate equations to a were observed, so the thickest one was used, meaning
set of algebraic expressions through discretization, in order that less computational time was required. No great

to iteratively find a solution. changes in the geometry were considered; hence, the
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sufficiently refined mesh did not need variations. The
computational load was low, obtaining about 300,000
cells for the reactor and 1,300,000 cells for the mem-
brane. Convergence criteria were determined to not
exceed 0.001 for continuity, mass, momentum and
energy.

2.3.3. Define properties: As the process actually works in a
stationary state and only liquids (water and activated
sludge) are simulated, steady-state and incompress-

ible were selected.

2.3.4. Activate the multiphase model: a mono-phase model
was implemented. Analyzing the particles’ dispersion
is not a primary objective of this study; thus, only lig-
uid was simulated. A non-Newtonian approximation
was used for the TSS concentration. In this study, a
segregate flow was implemented indicating that the
equations are solved separately for each component
of velocity and pressure, with a convection scheme
of second order upwind that offers more accuracy
compared to first order upwind. This scheme was also
used for the segregate fluid temperature and SST k-o
models.

2.3.5. Define turbulence model: There are several approach-
es to turbulence modeling such as: Reynolds-Aver-
aged Navier-Stokes (RANS), Large Eddy Simulation
(LES) and Direct Numerical Simulation (DNS). The
first is often used in similar case studies due to the
low computational cost and experience related with
its functionality. This model has some variations:
standard k-o, (ii) SST- k-w, and (iii) SST- k- inde-
pendently of the vorticity model. SST- k-w was se-
lected, because it reduces the problem associated with
boundary conditions sensitivity by combining two
models k-¢ for distant parts of the wall, k-& when the
region is close to the wall. It also includes a transport
equation for shear stress. Therefore, this turbulence
model was used in the bioreactor with correlations
considering changes in properties (viscosity and den-
sity) due to TSS concentration and temperature. On
the other hand, a laminar model was used in the mem-
brane as the activated sludge was simulated as a non-
Newtonian fluid (changes in properties due to TSS
concentration and temperature were also considered).

2.3.6. Define the operating conditions: For the bioreactor,
four concentrations of TSS were considered: 0, 7, 10
and 13 g/L and four surrounding temperatures: 10, 25,
35 and 40 °C (as in Switzerland’s seasons). At 35°C
heat transfer is neglected, a constant temperature in-
side the reactor is maintained at 35°C. Thus, a total
of 16 cases were analyzed for the bioreactor. For the
membrane, three concentrations of TSS were studied:
7, 10 and 13 g/L and no heat transfer was considered
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because the reactor outflow was at 35°C and there was
no substantial heat loss into the surroundings.

2.3.7. Define the boundary and initial conditions: The bio-
reactor was divided into separate sections in order to
define the different conditions: upper part, thermal
jacket, bottom of bioreactor, cover of bioreactor, per-
meate, retentate, influent, outlet. For each of these
sections, a condition was defined. Velocity was de-
fined for each inlet. The values were calculated based
on mass balance. The others were considered walls
with thermal specifications according to the phenom-
ena occurring (natural and force convection). The
heat transfer values were calculated and a correlation
depending on the temperature was found. The mem-
brane was also divided into regions. All the channel
walls were considered walls with a shear stress speci-
fication, and the pressure and velocity of the inlet and
outlet, respectively, were defined.

2.3.8. Initialize the solution.

2.3.9. Display the solution and plotting residuals during the
process of calculation.

3. RESULTS

3.1. BIOREACTOR

Due to the simplification of a mono-phase flow simulation,
the reactor liquid level is considered full. In the lab scale, it
only corresponds to approximately three quarters of the tank
height. Velocity provides an initial indication of the mixing
in the reactor, and it allows the identification of dead zones,
thanks to the fluctuations in velocity, which was the prima-
ry goal of this study. Figure 2 illustrates the results of the
simulations for different values of TSS at 40°C for the sur-
rounding temperature. According to Figure 2, the presence of
solids causes a decrease in the velocity magnitude. This may
be attributed to the increase in the viscosity at higher solids
concentrations. Moreover, thanks to the tangential inlet of
the retentate, the reactor presents good mixture (cyclone ef-
fect). Nonetheless, there are some regions (central) where the
speed is very low and this can be associated with little distur-
bance. In these zones, the mixing is almost non-existent. No
significant differences were observed at different surround-
ing temperatures, due to the reactor thermal jacket that main-
tains the inside temperature at 35°C (data not shown). For a
better analysis, the average properties are evaluated (data not
shown), evidencing a similar behavior depending on the TSS
concentration and not on the surrounding temperature.

The average values of the properties are shown in Table 2
(average velocity, average temperature and the apparent vis-
cosity correspond to the average value of the volume inside
the reactor and the output velocity is the value of an average
area calculated in the tangential plane of the reactor outlet).
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Figure 2. Velocity contours for TSS (i) Og/L (water), (ii) 7g/L, (iii) 10 g/L, (iv) 13 g/L. Velocity stream lines for TSS, (v) Og/L (water), (vi)
7g/L, (vi) 10 g/L, (vii) 13 g/L
Source: Figure obtained in STAR CCM+.

Surrounding Temp. Average velocity Output velocity Average Apparent viscosity
(o) TsS (g/L) (WA (m/s) temperature (°C) (Pa*s)
10 0 0.4638 0.4540 32.1052 0.0008
10 7 0.3655 0.4487 33.9144 0.0440
10 10 0.2247 0.4282 34.7008 0.0939
10 13 0.1549 0.4010 34.7835 0.2190
25 0 0.4610 0.4548 31.9393 0.0008
25 7 0.3338 0.4539 34.5309 0.0399
25 10 0.2130 0.4254 34.4991 0.0960
25 13 0.1526 0.3976 34.6576 0.2221
40 0 0.4119 0.4436 30.9654 0.0008
40 7 0.3338 0.4537 34.5339 0.0399
40 10 0.2058 0.4289 34.3729 0.0971
40 13 0.1489 0.4023 34,5271 0.2235

Table 2. Results report of the reactor CFD simulation.
Source: Reports of the CCM+.

In general, it is observed that the cyclone behavior in the
reactor, caused by the tangential inlet retentate, helps to
achieve a better mixture (excluding the central part of the
reactor which operates at very low speeds). Therefore, for
large-scale implementation, it is necessary to take into ac-
count structures capable of changing the fluid behavior, such
as baffles or pumped recirculation in the reactor design. The
different types of stirrers and the presence of baffles may
be initially evaluated using CFD to determine the benefits
in terms of mixing and reduced dead zones, all without in-
curring higher costs associated with experimental measure-
ments.

The thermal jacket that maintains the temperature inside
the reactor at 35°C, loses almost all its energy to the sur-
roundings. That is why an insulating jacket may improve

energy consumption levels. Moreover, the outflow of the
reactor is at 35°C and it does not lose much energy to the
surroundings while it passes through both membranes. In
this way, the reactor maintains its temperature around 35°C
showing a slight temperature profile, where the average vol-
ume temperature is just below 35°C (Table 2). Thus, rather
than a thermal jacket, we recommend the use of an insulating
jacket to keep the reactor adiabatic with the surroundings and
therefore, decrease the process of energy consumption.

3.2 MEMBRANE

The velocity and shear stress profiles did not show a signi-
ficant difference in varying TSS concentration; thus, only
results at 10 g/L are shown. The higher shear stress occurs
at the beginning and at the end of the membrane, due to the
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transition between a single pipe and a channeled structure,
i.e., contraction or expansion of the channel, respectively.
At this point, the shear stress reaches a maximum value of
90 Pa, while along the membrane, it decreases substantially.
Figure 3 (i) shows the shear stress profile. The highest veloci-
ties are achieved in the center of the channels, especially in
the circular channel, where the velocity profile shows a maxi-
mum velocity of 4.5 m/s (See Figure 3 (ii)). Moreover, the
maximum velocity through the membrane is achieved at the
beginning of the 8 channels, where the flow comes only from
a channel contraction, which generates a greater velocity and
then starts to decrease, until it stabilizes (See Figure 3 (iii)).
The contraction contributes energy to the system, increasing
the flow velocity.

Average values were calculated for a better understand-
ing of these properties depending on TSS concentration (see
Table 3). According to Table 3, we can establish that there
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is a linear relationship between the TSS concentration and
shear stress. The highest shear stress corresponds to the one
on the ‘triangular’ channel, while the smallest, corresponds
to the circular channel. The ‘triangular’ channel has a larger
wetted perimeter than the circular channel, which gener-
ates a greater contact flow-channel, causing a larger friction
component, making it more difficult for the flow to move. At
higher concentrations of TSS, a higher shear stress operates.
In the middle of the membrane, the shear stress achieves a
constant value, different for each TSS concentration. For the
membrane operation, it is very important to compare the val-
ues of the shear stress with the maximum force that the mem-
brane can resist, because if the former are greater, the mem-
brane can be deformed. The average velocities do not vary
significantly, which is consistent with the mass balance. The
data fits the theoretical values calculated (data not shown).

0.00000 18.00G

Qgﬁ
T

Wail shear Stress: Magnitude (Fa)
36.000 54.000

72.000 20,000

©.oo000 0. Po000 1.8000 o 30000 4. 5000
B |
(ii) (iii)
Figure 3. Membrane simulation results (i) wall shear stress for TSS 10 g/L, (ii) sectional velocity for TSS 10 g/L, (iii) velocity profile along the membrane for
TSS 10 g/L.

Source: Figure obtained in STAR CCM+.

Average velocity in the

e . Shear stress on the
triangular' channel

'triangular' channel (Pa)

Shear stress on the
circular channel (Pa)

Average velocity in the
circular channel (m/s)

TSS Concentration (g/L)

(m/s)
7 3.64 3.31 12 14
10 3.65 3.42 15 15
13 3.62 3.42 17 17

Table 3. Results report of membrane CFD simulation.

Source: Reports of STAR CCM+.




3. CONCLUSIONS

An accurate CFD simulation of the AnMBR in the WWTP
in Basel, Switzerland was conducted. The velocity contours
and streamlines show that there is cyclone-type behavior in-
side the reactor, whereby there is no mixing in the central
part. Under the conditions analyzed, there is a good mixing
in the reactor; however, for a scaling process, a CFD simu-
lation may be conducted to determine whether other types
of agitation (i.e. pump recirculation) may be needed besides
the tangential flow. Another important aspect observed with
CFD simulation is the decrease in the velocity inside the re-
actor, when the concentration of suspended solids increases,
leading to the emergence of a greater number of dead zones.
This could be avoided by implementing an additional type
of agitation. Regarding the energy balance, the reactor ther-
mal jacket should be insulated to decrease energy losses,
which are significant under these conditions, especially dur-
ing winter (surrounding temperature 10°C). The shear stress
in the membrane is lower than the maximum force that the
membrane can resist; thus, the structure does not undergo
any problem under the conditions analyzed. There is a lin-
ear relationship between TSS concentration and shear stress;
therefore, at higher TSS concentrations, the membrane might
achieve its maximum force. The ‘triangular’ channel of the
membrane presents a greater shear stress than the circular
channel, due to its greater surface contact flow-wall chan-
nel. Finally, the theoretical values of the shear stress on both
types of channels in the membrane correspond to the data
obtained in the CFD simulation.
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