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Abstract
In this work simulation in CFD of an iMBR from Alfa Laval were performed as a bubble column using
water as a Newtonian fluid. The simulations were done by varying the inlet gas flow rate in 9.8, 11.8
and 13.8 l/min and the diameter of the holes on the pipe (acts like a sprayer) in 2, 4 and 8 mm. The
velocity results were compared with experimental data reported by Aalborg University (Denmark).
Four cases, which included different simulating models, were tested in order to select the one which
best fits the experimental data. The selected case was the one which incorporated the models
multiphase segregated flow, steady state and turbulent regimen. The error referred to velocity
magnitude for the selected case was 28.90%. In addition, shear stress profiles on the membrane
were obtained, which are important in the fouling mitigation by aeration.
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1. Introduction
Membrane bioreactor (MBR) is a term applied to any wastewater treatment process which
incorporates a perm-selective membrane with a biological process [1]. The high effluent quality and
small footprint are the most relevant advantages that makes MBRs an increasingly used technology
for waste water treatment process [2]. There are two configurations of MBRs: (I) immersed (iMBR)
and (II) side-stream (sMBR).
The main challenge for iMBRs (Figure 1) is fouling [2]. The fouling phenomena is the highest
limitation to membrane process operation by accumulation of contaminants at the membrane
surface, which causes a reduction in the flow through the membrane at a specific flux [1]. One of
the most important fouling mitigation is the integration of a second phase in the fluid system, which
generates shear stress on the membrane surface, an important parameter in fouling control [3]. The
new phase comes from aeration of the submerged MBR, therefore, the study of two-phase fluid
dynamics on the surface membrane is required.
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Figure 1.Configuration of an iMBR [1]

Whenever, the iMBRs aeration system behaves as a bubble column, and this bubble column is a
Newtonian fluid, there can be found two main regimens depending on the gas flow rate, the
homogeneous and the heterogeneous (also known as churn-turbulent flow) [4] (Figure 2). The first
one is found at low gas velocities (less than 50 mm/s), with a uniform gas holdup in the radial
direction. Besides, it is characterized for the bubble´s size distribution, in which one bubble’s size is
close to the other. Finally, the bubbles formed at the sparger rise almost vertically if the size of the
bubble is less than 2 mm [5].
The second regime is observed at high gas velocities and it is characterized by coalescence of small
bubbles. Then, it cannot be a uniform radial holdup of the gas and it begins to display lager bubbles
across the bubble column. Furthermore, there is another regime between the homogeneous
regimes to heterogeneous regimes [6]. This regimen is characterized by large flow macrostructures
and a bigger bubble size distribution, also because of coalescence phenomena.
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A)

B)

Figure 2. Main regimes in a Newtonian fluid [7]. A) Homogeneous and B) Heterogeneous.

All the data related with bubble columns and simple MBR with Newtonian fluids have been widely
studied with experimentation as much as CFD simulations. Recently CFD simulations have reached
a certain level of maturity due to the improvement in phenomena estimating and error decrease,
compared with experimental data [8]. For this reason, CFD simulations have been incorporated in
engineering design especially in cases where experimentation is difficult to perform [9]. Besides,
more complex geometry has been introduced in CFD simulations and the results must be verified
and validated due to the reliability and hence of CFD in industry [10].

2. Objective
To simulate in CFD, the hydrodynamic of the aeration effect on an iMBR from Alfa Laval with a
Newtonian fluid (water) as a biphasic system on the membrane (water-air) with an elaborated
geometry.

2.1 Specific objectives





To simulate on CFD an iMBR from Alfa Laval by:
o Varying the size of the air inlet holes with diameters of 2, 4 and 8mm.
o Varying the air inlet flow in 9.8, 11.8 and 13.8 l/min.
To compare the CFD simulation results with experimental data in terms of velocity profiles.
To determine the shear stress over the membrane surface.
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3. State of the art
In Table 1 can be found some simulating studies about hydrodynamic in iMBR related systems.
Table 1. Simulating studies

Technology
Bubble
column
reactor
Airlift reactor

Multiphase
model
Mixed

Two-fluid
model

Pipe sparger
and ring
sparger

Single
phase

Bubble
column
reactor

Euler- Euler
and
EulerLagrange
Euler-Euler

Bubble
column

Turbulence
model
Standard
𝑘−𝜀
𝑘−𝜀

Standard
𝑘−𝜀

𝑘−𝜀

Standard
𝑘 − 𝜀, RMS
and LES

Bubble
column

Euler-Euler

𝑘−𝜀

Bubble
column

Euler-Euler

𝑘−𝜀

Bubble
column

Euler-Euler

Standard
𝑘−𝜀

Rectangular
bubble
column
Bubble
column

Euler-Euler

RNG 𝑘 − 𝜀

Euler-Euler

RSM and
𝑘−𝜀

Study
Gas hold-up
determination

CFD
software
FLUENT® 5

Reference
Blažej et al.
2004 [11]

Axial dispersion, gas
holdup and liquid
velocity predictions
Pressure drop
characteristics and
uniformity of gas
distribution

FLUENT® 6

Talvy et al.
2007 [12]

ANSYS CFX10

Kulkarni et
al. 2007 [13]

Regime transitions
prediction

STAR-CD

Simonnet et
al. 2008 [14]

Sensitivity analysis of
interphase forces (drag,
lift, turbulent dispersion
and added mass)
Investigations on
turbulence models in
RAMS approach
Effects of the
configurations of gas
distribution on
hydrodynamic behavior
Prediction of gas holdup
with non-Newtonian
liquid phase

ANSYS CFX10.0

Tabib et al.
2008 [15]

FLUENT® 6.3

LabordeBouter et al.
2009 [16]
Li et al. 2009
[17]

ANSYS-CFX
14.0

Anastasiou
et al. 2013
[18]

Interfacial closures
effects in the EulerEuler model
Gas holdup, axial liquid
velocity, bubble mean
diameter and
turbulence field
estimations

ANSYS
FLUENT® 14

Gupta & Roy.
2013 [19]

OpenFOAM
1.7

Liu &
Hinrichsen.
2014 [20]

CFX 11.0
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Bubble
column

Euler-Euler

Standard
𝑘−𝜀

Needle
sparger
rectangular
bubble
column
Bubble
column

EulerLagrange

Standard
𝑘−𝜀

Pipes, bubble
column and
airlift column

Euler-Euler

SST 𝑘 − 𝜔

Bubble
column
bioreactor

Euler-Euler

Standard
𝑘−𝜀

Euler-Euler

𝑘−𝜀

Sensitivity study of
bubble size on the
accuracy of numerical
methods for different
superficial gas velocities
Hydrodynamic
characterization

ANSYS-CFX
13

Pourtousi et
al. 2015 [21]

FLUENT® 15

Besbes et al.
2015 [22]

Inclusion of a correction
term into the drag
coefficient calculation
lead to predictions of
surfactant containing
systems
Unified modeling of
bubbly flows

ANSYS CFX
15.0

McClure et
al. 2015 [23]

Customized
version
ANSYS CFX
14.5
ANSYS CFX
15.0

Rzehak et al.
2016 [24]

Characterizing a
bioreactor performance
by implementing
kinetics of microbial
growth in CFD model

-McClure et
al. 2016 [25]

4. CFD modeling
This work was develop in a MBR from Alfa Laval Corporation. The geometry operating conditions
and experimental results were given by Aalborg University (Denmark). CFD software used is STARCCM+ v.11.04.010 (CD-adapco, UK). The simulations were run on 9 parallel compute processers on
six computers with two processors Intel® Xeon® CPU E5-2695 v2 @ 2.40 GHz and with a RAM of 64
GB.
All simulation had water (Newtonian fluid) as continuous phase and air as dispersed phase, once the
simulations run the results from each simulation will be velocity profiles at the same points of
experimental measure. The points are located at 3.5mm from the membrane surface, they are
distributed in three lines at 250, 500 and 750 mm from the bottom of the membrane, and each line
has 15 points with an inner space of 10 mm in a range of 315 to 405 mm from the left side of the
membrane (Figure 3).
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Figure 3. Measurement points on the geometry.

The measures reported by Aalborg University (Denmark) were calculated as the mean of collected
velocity values. Each reported measure were obtained in a single experiment, in which between
2000 and 4000 measures were taken during a minute. The measuring equipment was a Laser
Doppler Anemometry (LDA) and traverse system. It made its own coordinate system where the
origin is in up most left corners, z is measured positive in the down direction and x is measured
positive from the left to right.

4.1 Geometry
Although, the velocity and shear stress evaluation were performed over the membrane (2D) surface,
the simulations were carried on a 3D geometry. The reason for that was to visualize the gas volume
fraction distribution and the bubble coalescence. The geometry was imported in the CAD specialized
software Inventor Professional 2016, from Autodesk and its dimensions are provided in Figure 4.
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A)

B)

C)

Figure 4.Geometry of Alfa Laval MBR provided by Aalborg University used in the simulations. A) Side view with measures
in mm, B) Down view with measure in mm, C) 3D geometry showing the opposite side of gas inlet.

The holes’ diameters are not shown in Figure 4, because they can take values of 2, 4 and 8mm.
Besides, the holes on the sparger are located below it to prevent primary phase trespass through
them due to hydrostatic pressure. The gas inlet is in the side that is closer to the first hole in the
sparger. The variation of this diameters is important because, it will show the influence of the
geometry in the velocity and shear stress profiles.

4.2 Mesh
A mesh is the discretized representation of the computational domain, which the physics solvers
use to provide a numerical solution [26]. If the geometry is too discretized, that means a large
number of cells, the solutions of the equations would be more accurate. But also, the simulation
will take a larger period of time. For this reason and having given that the number of simulations is
at least 9, an independence mesh test is realized. It consists to test different mesh quality and then
compare the simulation time and the results. What is sought is a short simulation time with results
that are not significantly altered.
The volume meshers models are trimer, surface remesher, prism layer and extruder [26]. The first
one cuts the core mesh with a hexahedral template, which takes the surface as an input. Moreover,
it makes a refinement of cells on the surface mesh. The second one improves the overall quality
7

discretized mesh of an existing surface that is suitable for CFD. It makes a refinement based on
curvature and surface proximity. The third one generates orthogonal prismatic cell layers next to
wall boundaries. These layers allow the solver to resolve near wall flow accurately. The last one
extends the volume mesh beyond the original dimensions of the starting surface. Therefore, a more
representative computational domain is obtained.
To ensure more accurate results at the measurement points, the mesh is finer close to them. In
other words, there are more cells or prism layers at the measurement area.

Figure 5.Mesh of the Geometry
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4.3 Boundary conditions
On this work three boundary conditions were used, velocity inlet, pressure outlet and wall. The first
one were applied to internal cross-sectional area of one side of the pipeline for the air flow. This
area is constant and the velocity inlet change to simulate the three air flows (9.8, 11.8 and 13.8
l/min) according to equation (1). Velocities inlet for each flow are shown in Table 2.
𝑽=

𝑸̇
𝑨

(1)

Table 2.Velocities inlet values for each air flow

𝑙
]
𝑚𝑖𝑛
9.8
11.8
13.8

𝑄̇ [

𝑚
𝑉[ ]
𝑠
0.32
0.38
0.45

The second boundary condition was applied to the upper face of the geometry. This allows the water
to drain and then the continuity equation is satisfied. Finally, the wall boundary condition is applied
on the other surfaces of the geometry. The wall boundary condition does not include the cross areas
of the holes in the pipeline through which the gas gets into the system.

4.4 Physics models
For the physic model four cases were stablish considering the conditions already fixed (geometry,
boundary conditions). Therefore, the cases were proved in order to get the model that fits the best
to experimental data. These cases kept the same conditions of geometry, mesh and operation, and
models that apply. The first case includes Volume Of Fluid (VOF) multiphase model in unsteady state,
which analyzes the laminar regimen; the second also includes VOF but this time analyzes the
turbulent regime. The third case, it is based on Multiphase Segregated Flow (MSF) in turbulent
regimen when there is an unsteady state. Finally, the fourth case uses the same model as the third,
but when there is a steady state. These cases are summarized on Table 3.
This simulation had a diameter of the gas inlet holes of 2mm, an air inlet flow of 13.8 l/min and with
the coarse mesh with 675344 cells.
Table 3. Models considered in the cases

Multiphase model
State
Regimen

Case 1
VOF
Unsteady
Laminar

Case 2
VOF
Unsteady
Turbulent

Case 3
MSF
Unsteady
Turbulent

Case 4
MSF
Steady
Turbulent
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To avoid repetitiveness among the cases’ setup, the selection of physics models that share all the
cases are shown below. The geometry and mesh are in 3D then, physics is Three Dimensional. As
mention earlier, the simulation was two phases and therefore Multiphase Interaction is expected.
In the geometry water and air are affected by the gravity, then the gravity model was selected.
For systems with high gas fractions, the Euler-Euler model is widely employed [20]. In this case, the
system involves a significant fraction of air, due to the air flow. Therefore, an Eulerian multiphase
model was used.
Now depending on the case the following specific models may or no apply:
The Implicit Unsteady model is selected when the consideration of time dependence of the system
is considered. Then if the time is meaningless for the system or it is supposed to reach a steady state,
the Steady model may be selected.
In one hand, the laminar model is selected under the supposition that the velocities in the system
are not too high. Besides, this supposition is supported by the fact that the system begins with static
water. Also, for little bubbles apply that the ascending velocity of the air is slow and depends on a
balance of forces, mainly between pushing and frictional forces due to the air holes’ location.
In the other hand, if coalescence phenomena are considered, the velocities will be greater and
turbulent regime may be selected. Some turbulence models, like Large Eddy Simulation (LES), need
high computational resources and there is almost no gain of information compared with the 𝜅 − 𝜀
turbulence model [15]. Therefore 𝜅 − 𝜀 model was used in the RANS (Reynolds-Averaged NavierStokes) approach. The turbulence model adds two equations to solve, one corresponding to a
turbulent kinetic energy and other corresponding to a turbulent dissipation rate [26].
The laminar and turbulence system varies with the VOF; this model is used when there is an
interface between immiscible fluid phases [26]. This model supposes the immiscible fluid phases
within a control volume that shares temperature, pressure and velocity. Therefore, equations of
transport phenomena are solved in a single-phase flow whose physical properties are calculated
from the physical properties of the involved phases and their volume fractions. Then the supposition
has an intrinsic error associated with the control volume, it means that with the discretization, the
finer the mesh is, the better.
To get a deeper understanding, the basic equations of VOF models are shown below.
The equations (2) - (4) show how the physical properties are calculated.
𝜌 = ∑ 𝜌𝑖 𝛼𝑖

(2)

𝜇 = ∑ 𝜇𝑖 𝛼𝑖

(3)

𝑖

𝑖

𝑐𝑝 = ∑

(𝑐𝑝 )𝑖 𝜌𝑖

(4)

𝛼𝑖
𝜌
Where 𝛼𝑖 = 𝑉𝑖 /𝑉 is the volume fraction of phase “i". 𝜌𝑖 , 𝜇𝑖 and (𝑐𝑝 )𝑖 are the density, molecular
𝑖

viscosity and specific heat of the phase “i", respectively.
The equation (5) is the conservation equation that describes the transport of 𝛼𝑖 .
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𝒅
∫ 𝜶 𝒅𝑽 + ∫𝑺 𝜶𝒊 (𝒗 −
𝒅𝒕 𝑽 𝒊

𝜶 𝑫𝝆𝒊
) 𝒅𝑽
𝒊 𝑫𝒕

𝒗𝒈 ) ∙ 𝒅𝒂 = ∫𝑽 (𝑺𝜶𝒊 − 𝝆𝒊

Where 𝑆𝛼𝑖 is the source or sink of the phase “i".

𝐷𝜌𝑖
𝐷𝑡

(5)

Is the material derivative of the density of the

phase “i", 𝒗 is the fluid velocity and 𝒗𝑔 is the grid velocity.
The equation (6) is an additional term to the VOF transport equation.
𝜵 ∙ (𝒗𝒄𝒊 𝜶𝒊 (𝟏 − 𝜶𝒊 ))

(6)

∇𝛼

Where𝒗𝒄𝒊 = 𝐶𝛼 × |𝒗| |∇𝛼𝑖|, 𝐶𝛼 is the sharpening factor used to reduce numerical diffusion in the
𝑖

simulation. The value of this factor is the default one, zero. This because, the system may be
diffusive and the second order discretization scheme is sufficient to achieve a sharp interface
between the two phases [26].
When there is a large time variation of 𝛼𝑖 , the continuity equation can be rearranged in a nonconservative form shown in equation (7).
(7)
𝜶𝒊 𝑫𝝆𝒊
) 𝒅𝑽
𝝆𝒊 𝑫𝒕
𝒊 𝑽
𝑨
But in the case when the phases have constant densities and no sources, as in this work, the
continuity equation becomes∇ ∙ 𝒗 = 0.

∫ (𝒗 − 𝒗𝒈 ) ∙ 𝒅𝒂 = ∑ ∫ (𝑺𝜶𝒊 −

The Multiphase Segregated Flow is based on an Euler-Euler formulation; this means that each phase
has its own set of conservation equations. This model includes the concept “interpenetrating
continua” which considers phases are mixed on length scales smaller than the length scales to
resolve. This model can include several sub-models like Lift and Drag Forces which are of great
importance in simulations of bubbly flows [27]. Furthermore, lift force impacts on the velocity
distribution, as it increases, the vertical velocity of both phases decreases and subsequently the
velocity profile becomes flatter [27].Equation (8) [28] shows the mathematical definition of the Lift
Force.
𝑭𝑳 = 𝑪𝑳,𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝜶𝒅 𝝆𝒄 [𝒗𝒓 × (𝛁 × 𝒗𝒄 )]

(8)

Where 𝐶𝐿,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑓𝑙 𝛼𝑐 𝐶𝐿 for symmetric Interaction, 𝑓𝑙 is the lift correction, 𝛼𝑐 is the volume
fraction of the continuous phase, 𝐶𝐿 is the lift coefficient, which is set by default (0.25), 𝛼𝑑 is the
volume fraction of the dispersed phase, 𝜌𝑐 is the density of the continuous phase, 𝑣𝑟 is the
reconstructed velocity (associated with vorticity) and 𝑣𝑐 is the velocity of the continuous phase.
Drag Force is caused by the resistance experienced by a body when moving in the liquid [29]. Then
as this force increases, the gas phase velocity decreases [27]. To model this force the SchillerNaumann method for drag coefficient was selected. Although the model generally is applied to solid
particles, it can also be applied to fluid droplets and gas bubbles [26]. Then, when the continuous
phase is Newtonian the drag coefficient is computed by the equation (9).
𝟐𝟒
(𝟏 + 𝟎. 𝟏𝟓𝑹𝒆𝟎.𝟔𝟖𝟕
)
𝒅
𝑪𝑫 = {𝑹𝒆𝒅
𝟎. 𝟒𝟒

𝟎 < 𝑹𝒆𝒅 ≤ 𝟏𝟎𝟎𝟎

(9)

𝑹𝒆𝒅 > 𝟏𝟎𝟎𝟎
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When there is dispersed phase. Reynolds number is defined by equation (10).
(10)
𝝆𝒄 |𝒗𝒓 |𝒍
𝝁𝒄
Where 𝜇𝑐 is the dynamic viscosity of the continuous phase, and 𝑙 is the interaction length scale or
bubble size.

𝑹𝒆𝒅 =

The drag correction model is computed by the Volume Fraction Exponent method which assumes
that the correction factor is defined by the equation (11).
𝒏

𝒇𝑫 = 𝜶 𝒄 𝑫

(11)

Where 𝑛𝐷 is some constant which in this work takes a value of zero.

5. Results and analysis
The velocity results of simulations were reported as the mean of velocity data in a range in which
there was not abrupt variation on the profiles. Then, for first and second cases the range was 10 to
12 seconds’ real time. The third and fourth cases were run four 50000 iterations in steady state,
then the fourth finished and in the third case the state were switched to unsteady and run until 4 s
real time. The range used to take the mean for velocity in the third case was 2 to 4 s and in the
fourth case was 20000 to 50000 iterations.

5.1 Selection of simulation model
As mentioned earlier the model selected to perform all the simulations would be the one which fits
the best to experimental data. Then, the criterion to select the best case would be the error between
the cases’ comparing results and the experimental data. The equation (12) shows the percentage of
error calculation between the experimental data and simulation results for each velocity component
at each one of the 30 points.
(12)
𝒗𝒙 𝑺𝒊𝒎𝒊 − 𝒗𝒙 𝑬𝒙𝒑𝒊
| ∗ 𝟏𝟎𝟎
𝑽𝒙 𝑬𝒙𝒑𝒊
Where 𝒗 is the velocity, 𝑆𝑖𝑚 refers to simulation results, 𝐸𝑥𝑝 refers to experimental data, suffix “x”
indicates the velocity component and “i" indicate the point.

𝑬𝒓𝒓𝒐𝒓𝒊 [%] = |

Furthermore, other error can be calculated if the velocity components are not treated separately
but to form with them a two-dimensional vector ([i] and [k] directions) of the velocity. The way to
calculate it is shown by the equation (13).
𝑬𝒓𝒓𝒐𝒓𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒗𝒆𝒄𝒕𝒐𝒓 [%] =

∑𝟑𝟎
𝒏=𝟏 ((𝑬𝒓𝒓𝒐𝒓𝒏,𝒊 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒄𝒐𝒎𝒑𝒐𝒏𝒆𝒏𝒕 )

𝟎.𝟓

+ (𝑬𝒓𝒓𝒐𝒓𝒏,𝒌 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒄𝒐𝒎𝒑𝒐𝒏𝒆𝒏𝒕 )

𝟎.𝟓 𝟐

)

(13)

𝟑𝟎

The error results are reported below for each case.
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5.1.1 Case 1
The simulation results for the first case and their comparison with experimental data are shown in
Table 4.
Table 4. Results of case 1

Volume fraction of air profile

Velocity profile

“i" direction

Velocity profiles [m/s]
“k” direction

Vector magnitude

i component of velocity
525.51

Error [%]
k component of velocity
22.08

Vector velocity
22.11

Note: Sim = simulations results, Exp = experimental data

From data of Table 4 it can be said that because of coalescence and non-uniform distribution size of
bubbles, the case 1 presents heterogeneous regimen.
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5.1.2 Case 2
The simulation results for the second case and their comparison with experimental data are shown
in Table 5.
Table 5. Results of case 2

Volume fraction of air profile

Velocity profile

“i" direction

Velocity profiles [m/s]
“k” direction

Vector magnitude

i component of velocity
525.41

Error [%]
k component of velocity
31.81

Vector velocity
31.84

Note: Sim = simulations results, Exp = experimental data

Table 5 shows that case 2 presents coalescence and a non-uniform size distribution of bubbles, but
the variation is not large. Consequently, the regimen of case 2 could be classified as an intermediate
between the homogeneous and heterogeneous regimens.
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5.1.3 Case 3
The simulation results for the third case and their comparison with experimental data are shown in
Table 6.
Table 6. Results of case 3

Volume fraction of air profile

Velocity profile

“i" direction

Velocity profiles [m/s]
“k” direction

Vector magnitude

i component of velocity
519.90

Error [%]
k component of velocity
30.99

Vector velocity
30.92

Note: Sim = simulations results, Exp = experimental data
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5.1.4 Case 4
The simulation results for the fourth case and their comparison with experimental data are shown
in Table 7.
Table 7. Results of case 4

Volume fraction of air profile

Velocity profile

“i" direction

Velocity profiles [m/s]
“k” direction

Vector magnitude

i component of velocity
299.52

Error [%]
k component of velocity
28.91

Vector velocity
28.90

Note: Sim = simulations results, Exp = experimental data
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For cases 3 and 4 it is difficult to determine the flow regimen with the information in Table 6 and
Table 7, respectively. This is because MSF model incorporates the “interpenetrating continua”. It
assumes the time averaged behavior is more important than the instantaneous behavior [26].
Therefore, the volume fraction of air and the velocity profiles show an averaged behavior.
According to Table 4 - Table 7 the vector errors and the errors related to the “k” component of
velocity do not change much as the errors related to the “i" component velocity. Therefore, the
selection criterion is based on the last errors. Then, the case which have the smallest error is the
fourth one, consequently it is the selected case.
The errors related to the “i" component of velocity are larger than those related with the “k”
component of velocity because the order of magnitude of the velocity compounds are different. The
“k” velocity values are two orders greater than the “i" velocity values. Therefore, experimental
measurement of “i" velocities need to be more accurate and any variation could mean a large error.

5.2 Mesh independence
Once the model is selected the grid independence test is performed in order to select the mesh
which has a low simulation time, but without sacrificing accuracy in the results. Three meshes were
studied by changing the reference value for the mesh. The results are shown in Table 8 and Figure
6.

Table 8. Results of mesh independence analysis.

Thickness
Coarse
Medium
Fine

Reference
value [mm]
11.14
8.57
6.00

Error [%]
Number
of Cells
“k”
“i"
Vector
675344 299.52 28.91
28.90
882862 415.17 28.83
28.82
1274354 283.29 57.19
55.87

Simulation
time [day]
3.72
4.17
6.55
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Figure 6. Meshes results (CFD) and experimental data of the velocity vector

Figure 6 shows the behavior of experimental data and CFD results according to the three meshes.
The experimental data have a smooth behavior, in other words there is not abrupt changes between
consecutive data. This behavior also occurs in the results of the coarse and medium meshes, but the
results of the fine mesh describe a behavior characterized by abrupt changes between consecutive
data. For this reason, the fine mesh is discarded and only the coarse and medium were considered.
Furthermore, Table 8 shows that the coarse and medium meshes have similar values of the errors
related to the magnitude of velocity vector(𝒗 = √𝒗2𝑖 + 𝒗2𝑘 ) and to the “k” component of velocity.
However, the error related to the “i” component of velocity of the coarse mesh was significantly
lower compared with the other mesh. Therefore, the coarse mesh was selected.

5.3 Velocity profiles
Finally the simulations were run with the fourth case previously mentioned and with the coarse
mesh. Then the error was calculated taking into account the experimental data, Table 9 shows the
errors associated with the “i" and “k” components of velocity, and vector errors for each diameter
and flow rate.
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Table 9. Velocity results (CFD) and their comparison with experimental data.

Diameter Air inlet
of holes
flow
[mm]
[l/min]

CFD
Air volume fraction (**)

CFD
i,k Velocity Vector Magnitude
[m/s] (*)

Experimentation
Velocity vector
[m/s]

Error [%]
“i"

“k”

Vector

9.8

363.86 25.25

25.26

11.8

275.47 28.82

28.82

2

19

13.8

299.52 28.91

28.90

9.8

267.78 26.73

26.76

11.8

295.66 28.72

28.72

4

20

13.8

341.71 28.22

28.21

9.8

247.47 27.13

27.16

11.8

270.26 27.61

27.62

8

21

13.8

299.73 28.98

Data compiled in Table 9 about air volume fraction shows that all simulations have a similar behavior.
The plums formed are similar in the shape that they get, but there are slightly differences based on
the inlet air flow. As it increases, the plume presents more air volume fraction. This phenomenon is
logic because of the law of conservation of matter, which in this case explain that if the inlet air flow
increase, the outlet air flow of the pipe also does. Furthermore, the effect that the geometry change
has to the air fraction volume is not clearly appreciable, but geometry is related with an increase of
the plume width.
About the CFD velocity profiles, it could be said that again the inlet air flow has an important
influence on the results. This is because as it increase, the velocity profiles reach a higher velocity in
the system. This phenomena can also be seen on experimental data when the diameters of holes
on the pipe are 4 and 8 mm. When the diameter is 2mm the behavior of experimental data is
abnormal compared with the other results, because in this case as the inlet air flow increases the
velocity decrease.
Additionally, all velocity profiles of CFD show a general behavior that the central plumes present
velocity profiles with lower values than the side plumes. Then, the air is not evenly distributed
between the holes of the pipe. This can be seen also in the air volume fraction illustrations, in which
the central plume generally has less air volume fraction, comparing with the side plumes.
The vector errors shown in Table 9 do not vary too much. This means, this calculated error is related
with the used models. Therefore the models were not accurate to estimate velocity profiles of the
system.
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28.97

5.4 Shear Stress
Table 10 shows shear stress results from CFD of air, water and the total at the membrane surface.
The last one is calculated as the sum of the others.
Table 10. Shear Stress results from CFD on the membrane surface

Diameter
of holes
[mm]

2

Air
inlet
flow
[l/min]

Volume Fraction of Air on the
membrane

Total Shear Stress profile on the
membrane [Pa]

Shear Stress on the
membrane [Pa]
Air

Water

Total

9.8

0.203

0.960

1.163

11.8

0.222

0.933

1.155

13.8

0.232

0.929

1.161
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4

8

9.8

0.205

0.953

1.158

11.8

0.220

0.934

1.154

13.8

0.232

0.935

1.167

9.8

0.205

0.951

1.156
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11.8

0.218

0.948

1.166

13.8

0.232

0.938

1.169

Illustrations about volume fraction of air in Table 10 show that as the inlet flow of air increase, the
volume fraction of air of the plumes also does. In addition, they indicate the plumes tend to
approach each other at the top of the membrane. This is because bubbles that interact with the
membrane, present shape changes.
Table 10 shows data related to shear stress on the membrane. Profiles indicate shear stress varies
along the plumes due to the not static system. Furthermore, the plumes are larger at the top than
at the bottom of the membrane. This phenomenon is explained by the fact that bubble velocity
decreases when it interacts with the membrane.
Results about shear stress of water and the total one seem that they are not directly affected by the
air inlet flow nor the diameter of the holes on the pipe. However, the shear stress of air indicates it
gets larger as the air inlet flow increase.
The values of shear stress of the air are smaller than those of the water. This is because the volume
fraction of air is less than the water’s one on the membrane. In addition, the visibility of the air is
lower in comparison with the one of the water. However, air is important as it causes movement of
the water in the system.
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6. Conclusions
According to the calculated errors related to the cases, which considered different models, the best
was the one which contemplate MSF as multiphase model, steady state and a turbulent regimen.
This case had the lowest error associated with the “i" component of velocity. That indicates, it is
more accurate to simulate vorticity, compared with the other cases. But, as this error gets a value
more than 100%, this case has an offset of an order of magnitude compared with experimental data.
This means that the model was not accurate for modeling the velocity profiles of the system.
Additionally, from the performed simulations it is concluded that the experimental data is not
enough to describe the phenomena. This because it only considered a few points that may cover
the central plume, but not the side ones which as the simulation shown, they behave differently
from the central one. Therefore the whole system is not in the domain of experimental data.
The simulating models incorporated in the fourth case, adequately model the shear profiles of the
system. They depends on the volume fraction of air and the inlet air flow rate, which implies velocity
profiles in the system. Because the water has a larger viscosity than the air, most of the shear stress
on the membrane is attributed to water.

7. Future work and recommendations
Through this work considerable error percentages were obtained, therefore, the search of other
models should continue. Models like Wang curve fit could describe better the hydrodynamic of the
system, but it implies a deep understanding of solvers. This is because some solver treatments have
to be done in order to avoid divergence.
Once the error of simulations with the continuous phase as Newtonian fluid has reached an
acceptable value, the Newtonian fluid may be replaced with a non-Newtonian fluid. This due to
simulate a fluid whose properties could be more likely to water-waste. Then, the iMBR would be
simulated in a more real context and therefore the results would describe the real hydrodynamic of
the system.
As a recommendation, more experimental measurement points in a wide range of the geometry
should be taken; in order to get a global and more representative sample of the system. Then, the
validation and verification by CFD would be more accurate.
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