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ABSTRACT

The hydraulic conditions play an essential role in enhancing membrane fouling control and reducing
energy consumption in hybrid growth membrane bioreactors (HG-MBRs). In the current research,
to optimize the hydraulic conditions of a pilot HG-MBR, the effects of modifying the separation
mesh between the membrane area and the carrier area were systematically investigated by placing
baffles of different sizes at different locations. A computational fluid dynamics Eulerian-Eulerian
two-dimensional simulation model was also established to describe the effect of the aeration rates
on the carriers’ mobility in the reactor. The simulation results were successfully validated against the
experimental results with a good agreement. The validated simulation results revealed that using
a baffle could enhance the hydrodynamic characteristics of the reactor, relieve the negative impact
of the separation mesh on the carrier mobility, and reduce the aeration intensity required to drive
the recirculation of the carrier in the reactor, therefore reducing the energy consumption. Under the
optimal operation conditions, a baffle with an area of 0.71 m? (0.84 m x 0.84 m) and located on the
upper part of the mesh allowed the aeration to be decreased by more than 15% at a filling ratio of
50%, which would represent significant energy savings in the reactor design.

Keywords: Computational fluid dynamics simulation; Energy saving; Hybrid growth membrane
bioreactor; Hydraulic condition; Separation mesh

1. Introduction

Hybrid growth membrane bioreactors (HG-MBRs) is
a novel biological reactor combined membrane separation
process with a hybrid growth process, in which both acti-
vated sludge and attached biofilm processes are cooper-
ative for wastewater treatment efficiently [1]. The use of
advanced HG-MBRs has been acknowledged as a promising

* Corresponding author.

technique to increase wastewater treatment efficiency [1-4].
The membrane unit can be either submerged [5] or exter-
nally configured to an HG-MBR [2,6]. However, by reason
of the complex multiphase flow and biological processes
in HG-MBRs, their operation mechanisms, including their
hydrodynamic characteristics, have not yet been adequately
studied. Therefore, dedicated experiments are needed to
entirely understand their hydrodynamic processes.
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The separation mesh plays a serious role in HG-MBRs [7].
The mesh divides the reactor into a carrier area and a mem-
brane area to protect the membranes from being damaged
by the carriers. It is conceivable that the geometric config-
uration, such as the area of the closed region of the mesh,
could have actual impacts on the hydraulic conditions of an
HG-MBR. Therefore, optimization of the separation mesh
configuration deserves careful consideration [8].

Despite the significance of the separation mesh, little
information regarding the optimal design of HG-MBRs is
available, and an understanding of the detailed effects of the
mesh configuration on the hydraulic circumstances in the
membrane tank is lacking [8]. Few experimental studies on
this theme have been carried out, possibly due to the diffi-
culty of measuring the hydrodynamics due to the intrusive
impacts of measurement on the test flow [9]. In this con-
text, mathematical modeling studies have been carried out
more often, and several simplified empirical models have
been proposed to predict some collective hydrodynamic
properties, such as the average cross-flow velocity in the
riser section [10]. Even so, most of these models cannot pro-
vide adequate quantitative information (e.g., spatial distri-
butions of the gas hold-up, water velocity, and membrane
surface shear) for an elaborate mesh design [8].

Researchers have dedicated great effort to decrease the
power demand of MBR plants. Some research in this area
has focused on optimization of the operating conditions,
such as the cyclic aeration systems [11-13]. The airlift con-
figuration, in which membranes are sandwiched between
baffles, can obviously improve the cross-flow along the
membrane surface [10], and both the baffle size and loca-
tion have been proven to have an important impact on
improving the hydrodynamic characteristics of MBRs [8].
However, MBR optimization has mostly continued in the
experimental stage. It can be promoted from the exper-
imental stage to the computer simulation stage via the
evolution of computer science [14]; computational fluid
dynamics (CFD) have been advanced to simulate accu-
rately [15] and reflect the characteristics of the flow field in
HG-MBRs [16-18].

Hydrodynamic CFD models are effective tools for the
design and optimization in which virtual prototyping has a
much lower expenditure comparing with conducting pilot-
scale experiments [19-20]. But for a long time, the three-
dimensional numerical simulation was limited by computer
power and run-time therefore the two-dimensional (2D)
models were the preferred ones for the analysis of the flow
structure. A lot of interesting results were obtained using
the two-dimensional approach and a set of bright ideas was
based on these numerical simulations. The known restric-
tions of the 2D approach cause the question of the validity
of used models and of reliability of obtained results. This
means that the 2D models give a rather adequate results in
the numerical simulation of the flow processes prediction
with a reduction of the run time.

However, few 2D CFD simulations have been carried out
in interconnected fluidized beds due to their complex geom-
etry and flow physics, which demand high computational
resources [21-24]. Although major promotion has been made
recently, a significant development in the use of the CFD
technique is still required.

Therefore, the current research aims to use CFD sim-
ulation for investigating the effect of the aeration rates on
the recirculation of the carriers in the HG-MBR and to find
an optimized separation mesh configuration incorporating
a baffle to enhance the aeration efficiency. The influences
of the area and location of the baffle on the hydrodynamic
characteristics and fluidity in the HG-MBR are clarified, and
the structure of the reactor is optimized for energy-saving
operation. The obtained CFD simulation results were
validated against the real experiments in a pilot HG-MBR.

2. Materials and methods
2.1. Experimental setup

The pilot HG-MBR was set up as shown in Fig. 1.
The apparatus consisted of an aerobic reactor tank equipped
with a submerged ultrafiltration flat-sheet membrane
module (Microdyn-Nadir Xiamen Co. Ltd.). The mem-
brane was made from polyethersulfone with an effective
surface area of 10 m? a nominal membrane pore size of
0.04 um (150 kDa). The aerobic reactor tank was made of
304 stainless steel and had a size of 0.98 m x 0.84 m x 1.96 m
(length x width x height), a working volume of 1.48 m®with
an effective water depth of 1.8 m, and an intermediate sepa-
ration mesh (perforated stainless steel plate, pore diameter:
8 mm). The separation mesh divided the reactor into two
zones: a carrier zone containing carriers for hybrid growth
with a volume of 0.98 m? and a membrane zone containing
the membrane module with a volume of 0.5 m3. The baffles
used in the experiment consisted of several stainless-steel
sheets of the following sizes: I. 0.35 m? (0.42 m x 0.84 m); II.
0.71 m? (0.84 m x 0.84 m); III. 1.06 m? (1.26 m x 0.84 m) that
could be fixed to adjust the covered area to represent 25%,
50%, and 75% of the area of the separation mesh. The baffle
locations were also set to upper, middle and lower as needed
to adjust the closed area of the separation mesh partially
which effect on the interference of the rising airflow comes
from the air tubes at the bottom of the reactor and enters
the carriers’ zone and membrane zone through the mesh.
Thus optimize the hydraulic characteristics in the reactor.

Three microporous aeration tubes designated as A,
B, and C were installed at the bottom of the carriers’ zone
(B and C) and membrane zone (A), respectively (Fig. 1);
tubes B and C drove the circulating flow of the carriers
while supplying oxygen, and tube A flushed the membrane
surface to mitigating membrane fouling. The parameters
of the carriers used are shown in Table 1.

2.2. Experimental operation conditions

The experiments were carried out with tap water in the
wastewater treatment plant of Haikou City, Hainan prov-
ince, PR. China. Most of the experiments were operated
without membrane filtration, except the water inlet/outlet
flow experiment when the membrane was run with a filtra-
tion flux of 20 LMH at 5 min filtration/30 s relaxation mode.

During experimental operation, different baffle locations
(upper, middle, and lower) and size configurations were
applied to determine the effects of the baffle configurations
on the hydrodynamics in the reactor.
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Fig. 1. Schematic diagram of the HG-MBR. (1) Carriers’ zone; (2) membrane zone; (3) packing carriers; (4) aeration tubes
(A, B, C); (5) separation mesh; (6) membrane module; (7) suction pump; (8) gas roots flow meter; (9) air/water flow meters.
Note: Fig. 1 shows a schematic diagram of the baffle on the separation mesh (circular punch on the separation mesh is not shown).

Table 1
Parameters of the carriers used

Parameter Description
Material Polyethylene
Size (mm) @15 x 11 (high)
Density (g cm™) About 0.96
Specific surface area (m? m=) About 600
Filling ratio 20% and 50%

The demanded aeration rates for the fluidizations of the
used carriers filling rates in a pilot HG-MBR. The aeration
volume was adjusted by the intake valve, and the fluidization
state of the carriers in the carriers’ zone was characterized by
the area of the flowing carriers as a percentage of the area
of the water surface in the carriers” zone. The corresponding
intensity of aeration needed to achieve a given fluidization
state was recorded. The carrier filling ratio is the ratio of the
packing volume of the carriers to the effective volume of the
carrier zone. The experiment was carried out using two typi-
cal filling ratios of 20% and 50%.

The three aeration tubes (A, B, and C tubes) were com-
bined in the following four ways: (1) B-tube single-side aera-
tion; (2) C-tube single-side aeration; (3) A + B tube combined
aeration; (4) A + C tube combined aeration. Based on the
membrane module parameters and membrane pollution con-
trol needs, the aeration rate of the A-tube was set to 5 m%/h.

The specific experimental conditions are scheduled in
Table 2, and a schematic diagram of the area and location of
the baffles is shown in Fig. 2.

2.3. CFD modeling simulation

In the present work, an Euler-Euler two-fluid model
was employed to investigate the flow field of the HG-MBR.
The basic idea of the CFD method is to represent the fields
of the physical quantities, which have been continuously
distributed in time and space, using a series of finite val-
ues of discrete points. The principle and method are used
to establish the algebraic equations that describe the rela-
tionships between the field variables at these discrete points
and then numerically solve the algebraic equations to
obtain the internal hydraulic characteristics. Through this
numerical simulation method, the basic physical quantities
(such as the distribution of volume fraction and so on) of
various spatial sites within the flow field with extremely
complicated problems can be obtained. In addition, com-
pared with the experimental method, the CFD method can
significantly reduce the number of experimental tests, save
a lot of money and time, and can solve some problems that
are difficult to measure because of the experimental tech-
nique [25].

2.3.1. Domain geometry, mesh, and boundary conditions

The geometry and meshes were established using the
design modeler and meshing features of the software ICEM.
The geometry of the domain and membrane bundle was sim-
ulated as a wall. The domain geometry was simplified to a
2D representation, it is shown in Fig. 2.

A structured hexahedral mesh was employed for its
superior mesh quality and calculation convergence control.
The computational results were obtained to be autonomous
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Fig. 2. Schematic diagram of the (a) baffle areas and (b) locations at which the baffle was attached to the separation mesh.

Note: circular perforations in the mesh are not shown.

of the elements number of 101,000 elements. The boundary
condition set in the three aeration tubes is velocity inlets
(velocity-inlet) using FLUENT, and the constant-veloc-
ity magnitude is 0.083 m/s; the water level was set as the
degassing condition. The grid refinement of the air inlet
and some phase interfaces are to obtain higher accuracy.
Therefore, the air only was allowed to flow out of this
boundary, while all the other boundaries were adjusted as
no-slip walls.

The top boundary condition is the gas outlet (degassing).
The internal boundary of the calculation domain is set to
be mostly interior, which does not affect the movement of
the material. The remaining boundary conditions are walls,
which limits the material in the calculation domain without
causing material loss.

Membrane Module

Membrane Zone

Three zones are preset to facilitate subsequent setup in
the solver. In the initial state, the simulation time is Os; the
purple area is the pure water area; the green area is the area
where the carriers were mixed with water when the carriers’
filling ratios are 20% and 50%; the red area is the pure air
area. Each phase of the simulation process is an incompress-
ible phase, and the liquid level will definitely rise during
the aeration process. In order to prevent errors caused by
material overflow, a pure air area was set.

2.3.2. Governing equations

In the Eulerian-Eulerian multiphase model, the volume
fractions represent the ratio of the volume employed by each
phase (water, carriers, and air); over the computational cell

‘ Separation mesh/ Baffle

Airinlet A

Air inlet B ‘ ‘Air inlet C ‘

Fig. 3. 2D geometry of the computational domain and the mesh of the pilot HG-MBR.
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volume; the conservation laws of the continuity, momen-
tum, and turbulent equations are solved for each phase,
while all the phases shared a single pressure. The general
governing equations considered for unsteady and multi-
phase flow are listed as follows:

2.3.2.1. Continuity equations
The continuity equation [26] for phase g is:

n

(o0,) Y (o0,8,) = i, )45, 0

p=1

where a, p and ©, are the density and velocity of phase q,
respectlvely m, represents the mass transfer from the p™®

g™ phase; m symbohzes the mass transfer from phase g to
phase p. The last term S_is the source.

2.3.2.2. Momentum equations

The momentum equation [27] for phase g is:

a - L = -
a(aqpqvq) +V. (aqpqquq) = —ochp +V.t; + ap,8+

;(RW + mwapq - mqpﬁqp ) + (Fq + F“fw + Fw’:'l + Fm q fd q) @
where 1, is the g™ phase stress—strain tensor [28].
= ~ o 2 =
tq:aq(Vvq+Vvq)+aq 7‘4_5% V-3 1 3)

where 1 and A are the shear and the bulk viscosities of

phase g, respectlvely, F is an external body force; F,, is a lift

lift,q
force; F Wi , is an interactive force
between phases; p is the pressure shared by all the phases; 7,,

is the interphase velocity.

is a virtual mass force; Ft

2.3.2.3. Flow equations

CFD simulation of systems involving fluid flow has a
significant role in the understanding and visualization of
the dynamics of these complex systems as well as in the
prediction of the flow behavior and associated phenom-
ena of such systems. The flow equations were described as
follows (4).

0
&(akpk(pk)jhV~(akpkuk(pk):V~[akl"f(V(pk)J+Sf 4)

where t is the time (s); «, is the volume fraction of phase k
(dimensionless); p, is the density of phase k (kg/m?); ¢, is
the arbitrary physical quantity of phase k; u, is the veloc-
ity of phase k; I'? is the physical quantity of phase k with a
diffusion coefficient of ¢; S? is the source of the k physical
quantity ¢.

2.3.2.4. Turbulence model equations

The turbulence model is based on the Reynolds-
averaged kinetic equation and the pulsation equation. In
the multi-phase model, there are three different methods
to simulate multiphase turbulence, which are mixed tur-
bulence model, dispersed turbulence model, and turbulent
turbulence model. The mixture turbulence model is mainly
suitable for multi-phase flow of phase separation or strat-
ification with a phase density ratio close to 1. The model
considers the turbulent flow of the continuous phase and
dispersed phase as the turbulent flow of the mixture, and
does not solve for the turbulence of the individual phases
particularly. However, the k—-¢ model is the most common
turbulence model. The k-¢ turbulence model can be divided
into three types: standard k—& model (renormalization group
k—e model, RNG k-¢ model), and realizable k—&¢ model [29].
Both the realizable k—& model and the RNG k-& model show
better performance than the standard k-e¢ model in strong
streamline bending, vortices, and rotations. The studies have
shown that the realizable k—-e¢ model works well for flow
separation and complex secondary flows in all k—&¢ models
[30]. The studies also revealed that among the available k—¢
models, the realizable k—e model has a good effect on flow
separation and complex secondary flow [31]. The equations
for k and ¢ are described as follows:

0 0 0 ok
a(pk) a](pku) v Hu GkJax]jLG +G,-pe-Y, +S,

©)

0 (e 2 (o122 [ )2
P éxj(pguj)_6x.K“+cJ8xj1+

pC,S, —pC, +C,,2C,G,+S, 6)

]t‘k 3¢

oS

where p and u, are the density and velocity, respectively;
W, is the turbulent viscosity; G, is defined as the generation
of turbulent kinetic energy due to the mean velocity gradi-
ents; G, is defined as the generation of turbulent flow energy
caused by buoyancy; The turbulent Prandtl numbers for
k and ¢ are o, = 1.0 and o, = 1.3, where k is the turbulent
kinetic energy k = 0.8, ¢ is the energy dissipating rate of tur-
bulent kinetic energy ¢ =0.9; S, and S, are defined sources.
The coefficients constants involved in Egs. (5) and (6) are
C,=0.09, C,=1.44 and C, = 1.92 respectively.

2.3.3. Numerical analysis and considerations

The numerical simulations were obtained using a con-
vergence criterion of 10~ for each scaled residual compo-
nent and a time step of 5 x 10*s. As the mesh quality has
a direct influence on the simulation convergence, compu-
tational time and simulation accuracy. So, different mesh
elements were tested to select a suitable mesh that pro-
duces accurate results and reasonably fast simulation. The
geometry was meshed into 92,792 elements, 101,000 ele-
ments and 126,680 elements. The air velocity results from
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the simulation results were compared with the experimen-
tal results to choose the appropriate simulation mesh. The
simulation results with the mesh 101,000 elements shown
a relatively good agreement with the experimental results.
Therefore, the computational domain of the reactor was
discretized into 101,000 quadrilateral cells. This mesh is
considerably larger than the particle size and is smaller
than the system dimensions which satisfies the mesh cri-
terion in the numerical method for smooth convergence.
This grid independence test performed in the current
research also led to observations comparable to those of
the reports of many investigators that if the numerical cell
size is about 10 times of the particle size, it can capture the
hydrodynamics in fluidized bed reactors obviously [32].

The boundary conditions were fixed by specifying the
inlet velocity and outlet pressure values at the reactor inlet
and outlet, respectively. Some of the key parameters used in
the simulation are presented in Table 3.

2.4. Experimental validation

The model was based on a pilot HG-MBR plant. The
first step of the CFD simulation was validation of the
influence of the baffle area and location on the hydrody-
namic characteristics, which was conducted by considering
the airflow and carrier circulation states. The validation
was based on the trends observed experimentally in the
HG-MBR. Simulated cases were progressed under steady-
state conditions. These conditions were utilized to ana-
lyze the flow and species distribution while maintaining
the continuous and stable operation of the reactor. The
airflow was measured along certain lines in the reactor
and compared with the airflow profiles at the same loca-
tions in the CFD simulation to validate the CFD results.
The fluid region should have the same geometry as the
real reactor, and the operation conditions should also be
the same.

Due to the difficulties to describe the hydrodynamic
characteristics and the aeration flow ratios required to the
recirculation of the carriers, the aeration flow ratios in the
reactor were computed using the CFD simulation model for
a clear investigating and optimizing then validated against
the experimental results.

Therefore, the air-flow rate Q is given by:

Q (m¥9)=A-V @)
where V (m/s) is the average air velocity at the designated

point and A (m?) describes the air channel area at a desig-
nated point. A can be deduced from the construction plans

Table 3
Physical performance parameters of the simulated HG-MBR

Parameter Air Carrier Water
Density p (kg/m?®) 1.225 998.2 998.2
Viscosity p (kg/m-s) 1.7894e-05 - 0.001003
Temperature T (k) 300 300 300

so the computation of Q is based on A and V, which are
obtained from simulation data.

3. Results and discussion

A multiphase CFD Eulerian-Eulerian two-dimensional
model was numerically simulated to describe the hydrody-
namics of the fluid flows in the reactor. The carrier particles
were preferred to be smooth, cylindrical, and inelastic and
to undergo binary collisions. An initial driving force (i.e., the
intensity of aeration when the carriers begin to flow) was
required to initiate flow from the stationary state, and the
magnitude of the initial driving force was correlated to the
filling ratio and aeration method.

The way in which the fluidization state of carriers has
been described has varied among researchers; fluidization
has been qualified using concepts such as homogeneous
fluidization, inhomogeneous fluidization, and other meth-
ods [33], or classifying the observed intensity of the “activ-
ity” of the carrier in water as one of five levels: silt, weak,
ordinary, complete, and fierce. These description methods
are difficult to quantify and apply during experiments. In
the present simulation, the percentage area of the flowing
carriers relative to the total area of the water surface in the
carriers’ zone was used to clarify the fluidization state of the
carriers. A numerical tool to simulate the flow characteristics
in the HG-MBR was developed.

As the aeration intensity is gradually increased, the car-
riers tend to enter the flow. The state at which the flowing
carrier area was about 50% of the water surface was defined
as the starting flow state, and the aeration intensity at this
state was defined as the initial flow driving force. When the
flowing carrier area reaches about 95%, only a small amount
of carrier residue remains in the turbulent dead zone, and
sinking occurs within 5 s. This state was defined as the full
flow state, and the corresponding aeration intensity was
denoted as the full flow driving force. The intermediate flu-
idization states can be collectively referred to the general
flow state. This study focused on the initial flow and full
flow states of the carriers. The average airflows in the sim-
ulated and experimental results in these states were com-
pared. The simulation results were found to be correlated
with the experimental data, which verified the airflow in the
simulation.

For experimental validation, different baffle location
scenarios were applied, namely, the upper, middle, and
lower location scenarios. The baffle size was varied in each
scenario to find out the effect of the baffle size on the hydro-
dynamics in the reactor. The optimized conditions were
then compared with the baffle-free conditions to evaluate
the effectiveness of the baffle in reducing aeration demand.
The results were then used to validate the CFD simula-
tion. In addition, the capability of CFD to display results
effectively is an invaluable tool. Therefore, the comparison
between the experiment and simulation provided interest-
ing information.

3.1. Influence of the baffle area on the hydrodynamic characteristics

The C-tube and combined A + C tube aeration meth-
ods were used to compare the effects of different baffle
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areas on the hydrodynamic characteristics at two carrier
filling ratios (20% and 50%). The results from the simula-
tion and the experiments are shown in Figs. 4 and 5. The
simulation results were in excellent agreement with the
experimental trends, indicating the reliability of the situ-
ation and thus allowing us to move on to the next simu-
lation scenarios. At both filling ratios, the aeration rates
(i.e., the energy consumption) required to start the initial
flow and full flow of the carriers decreased with increas-
ing baffle area, although only a small change was observed
for the starting flow at a 20% filling ratio. This indicated
that the separation mesh had a negative dissipation effect
on the flow driving the carriers. The use of a baffle could
significantly improve the hydrodynamic characteristics
of the reactor and promote the circulation of the carriers,
thus reducing energy consumption, especially at high
carrier filling ratios (such as 50%). In an experimental
comparison with the baffle-free system, the use of a baf-
fle with an area of 0.71 m? (0.84 m x 0.84 m) reduced the
aeration rate required for complete carrier fluidization by
54.2% when only the C-tube was used for aeration, and
by 15% when both the A + C tubes were used as shown in
Table 4. This reduction was as a result of the blocking and
guiding effect of the baffle on the flow of the circulating
water, and the changes to the hydrodynamic characteristics
of the carrier area induced by the baffle; the driving force
generated by the C-tube was concentrated downward on
the baffle side. The energy consumption was also reduced
due to the reduction of required aeration at these optimal
conditions in the reactor. The experimental heterogene-
ity of the circulation of the air and carriers was well pre-
dicted by the simulation model. Therefore, the negative
effect of dissipation through the separation mesh to the
membrane area is reduced, while the effect of the aera-
tion driving force was increased. Fig. 6 shows the decreas-
ing of the aeration densities under the achieved optimal

8 ——g—=20% Carriers filling rate - Exp.
= 20% Carriers filling rate - Sim.

7.5 50% Carriers filling rate - Exp.
E == 50% Carriers filling rate - Sim.
:E_ 7
-]

Z6.5
c
.0
Q
<
35 W
5

No baffle 0.35 0.71

Baffle area (m?3)

1.06

hydraulic condition comparing with different operating
conditions.

Obvious improvement was observed as the baffle area
was increased from 0.35 to 0.71 m? while increasing the area
further from 0.71 to 1.06 m? only showed a benefit for the
starting flow state with the baffle in the upper location; no
effect or even a negative effect was observed under other
operating conditions; that is, a larger baffle area led up to
increased energy consumption. This is because the upward
flow caused by the membrane aeration acted as a drag
force on the fluid in the channel between the two zones and
increased the downward speed of the carriers, especially at
the upper part of the baffle in the carrier zone.

When the baffle area is larger, the width of the bottom
fluid channel between the two zones decreases, thereby
reducing the drag force. When the 1.06 m? baffle was used,
the fluid channel was almost closed, indicating the neces-
sity of optimization. Some researchers have also verified
that the drag force is more important than other types of
inter-phase forces for simulating the hydrodynamics of air-
carrier flow due to the great differences between the air and
carrier phases. However, if the baffle area is too large, it will
hinder the exchange of substances between the carrier zone
and the membrane zone. This may cause the accumulation
of activated sludge in the membrane zone and thereby accel-
erate membrane fouling. Therefore, in practical applications,
the baffle area should be optimized to promote both carrier
flow and substance exchange between the two regions. In
addition, in the full flow state, the aeration rate required
to drive the carrier flow at a 50% filling ratio was twice as
high as that at a 20% filling ratio when only the C-tube was
used for aeration, and 2.2 times as high when both the A+ C
tubes were used (excluding the A-tube aeration rate 5 m*h
in the membrane zone). The effects of all the variables in the
simulation results were also validated by the experimental
results. Therefore, when determining the carrier filling ratio,

(b) = & =20% Carriers filling rate - Exp.
8 —fll— 20% Carriers filling rate - Sim.
50% Carriers filling rate - Exp.
== 50% Carriers filling rate - Sim.

N
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w
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Fig. 4. Aeration flow rate required for the carriers’ movements at the optimal hydraulic condition using C-tube and a combined A + C
tubes for aeration and baffle areas of 0.35, 0.71, and 1.06 m? at the upper location part.
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Fig. 5. Effects of the baffle area on the carrier mobility during the experiment and in the simulation using only the C-tube for
aeration at 20% and 50% carrier filling ratios (a) in the starting flow state and (b) in the full flow state.
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the energy consumption needed for the driving force should
be also considered. A higher carrier filling ratio results in
more attached biomass, but higher energy consumption.
Both these factors should be perfectly considered, along
with comprehensive membrane fouling control.

Therefore, a relationship between the computed and
the experimental results was built as shown in Eq. (8).

A comparison between the aeration flow ratios obtained
by the CFD simulation and the aeration flow ratios obtained
by the experimental measurements at the scenarios of
using baffle areas 0.35, 0.71, and 1.06 m? on the upper loca-
tion of the separation mesh and no baffle; with 20% and
50% carriers filling ratios was carried out to describe the
relationship between the experimental and the computed
results. The values of the air-flow ratios at these scenar-
ios were analyzed using Statistical Package for the Social
Sciences (SPSS) software and the relationship equation was
formed. The comparison between the experimental and the
computed results displayed a reasonable agreement. The dif-
ferences for the computed and measured values of y, the
predictive capability of the following equation was remark-
ably high (R = 0.965) as shown in the following equation:

Table 4
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y=2.35(x, )1 (x,)°%2, R = 0.965 )
where is y is the aeration flow rate resulted from the experi-
ment; x, is the carriers filling ratio; x, is the baffle area.

3.2. Influence of the baffle location on the hydrodynamic
characteristics

The influence of the baffle location on the hydrody-
namic characteristics of the reactor using different aera-
tion methods was investigated using CFD simulation and
experimental reactor operation with a fixed baffle area of
0.71 m? (0.84 m x 0.84 m) and carrier filling ratio of 50%;
the results are shown in Figs. 7 and 8. Excellent agreement
between the experiments and the simulation was again
observed. In the starting flow and full flow states, the aera-
tion rate required to drive the carrier recirculation increased
as the baffle was moved downward.

Using the B-tube and the A + B tube aeration modes, the
aeration rate requirements were more obvious. In the exper-
imental results, when the B-tube aeration mode was used
and the baffle was placed at the middle or lower position,

Demanded aeration rates for the fluidizations of the used carriers filling rates in a pilot HG-MBR

Baffle area 20% filling rate

50% filling rate

(m?) C aeration tube A + C aeration tubes C aeration tube A + C aeration tubes
Starting Full flow Starting flow  Full flow  Starting Full flow  Starting flow Full flow
flow (m3/h) (m3/h) (m3/h) (m3/h) flow (m3/h) (m3/h) (m3/h) (m3/h)
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Fig. 7. Effects of baffle location on the carrier mobility in the experiment and simulation using the B-tube and C-tube aeration modes
(a) in the starting flow state and (b) in the full flow state. Note: In (b), the dotted curve indicates that in the B-tube aeration mode, the
full flow state was only reached when the baffle was in the upper position; with the baffle in the middle and lower positions, only a

general-flow state was reached (approximately 80%).
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Fig. 8. Effects of the baffle location on the carrier mobility in the experiment and simulation using the combined A + B and A + C tube
aeration modes (a) in the starting flow state and (b) in the full flow state.

the full flow state could not be reached, and the reactor
remained in a general flow state. In the simulation results,
the full flow state was achieved, but a greater air intensity
was required for the upper baffle position (Fig. 7b). Using
the C-tube and the A + C tube aeration modes reduced the
aeration rate and energy consumption required for carrier
recirculation. This confirmed the negative effects of the sep-
aration mesh on the movement of the carriers. Theoretically,
the driving forces provided by B-tube and C-tube aeration
should be the same. However, the B-tube is closer to the sep-
aration mesh; thus, the rising airflow from the B-tube enters
the membrane zone through the mesh and loses some of its
driving force, while the C-tube is nearby the reactor wall,
which allows the airflow to be concentrated in the carrier
zone without losing its power Fig. 9. In Fig. 10 the simu-
lation results show that less carriers were near the sepa-
ration mesh and more were accumulated at the top of the
bioreactor under combined A + B aeration with no baffle
on the separation mesh due to the greater aeration and lig-
uid circulation along with the separation mesh.

The results show that the aeration rates required to
drive the carrier movement were smallest when the baffle
was located at the upper position for both aeration modes,
indicating that this baffle position would enable energy sav-
ings. When the baffle was located at the upper position, the
aeration rate needed to provide the driving force was obvi-
ously smaller, while aeration rates required with the baffle
at the location of the middle or lower part were similar.
From this, it could be concluded that an upper flow driving
force is particularly important because in the upper part, the
water flow must change direction to maintain recirculation.
The water recirculation relies on not only the inertial force
of the moving carriers but a continuous circulating driving
force as well. The flow distribution in the tank is not uniform,
especially when the C-tube aeration mode is used. The flow
velocity near the upper part of the separation mesh is smaller,
causing carrier retention and accumulation [34]. This phe-
nomenon is exacerbated by the dissipative effect of the sepa-
ration mesh on the driving force. The use of baffles effectively

reduces this negative effect. Wu et al. [35] also used an addi-
tional wall to enhance the turbulence of the fluid in a numer-
ical simulation of carrier recirculation in a biological contact
oxidation tank.

In the combined aeration modes (Fig. 8), by deduct-
ing the A-tube aeration rate 5 m’/h in the membrane zone
from the total aeration rate, the aeration rates of the B and
C tubes are smaller than the one used in the single aera-
tion mode, accordingly. The simulation results revealed that
in the A + B tube aeration mode, the carriers could reach
the full flow state even when the baffle was located at the
middle and lower position. This indicated that the upward
flow from the membrane zone also improved the hydro-
dynamic characteristics of the carrier zone, and promoted
carrier movement. Calculations indicated that this promo-
tion effect was similar for both the B and C tubes. When the
baffle was located in the upper position, the aeration rate
could be reduced by more than 15%.

3.3. Combined influence of the baffle area and location on the
hydrodynamic characteristics

To investigate the hydrodynamic characteristics of the
internal flow field of the HG-MBR under different aeration
rates and inlet configurations, the effects of the distribution
of the airflow and flow field in the reactor under turbu-
lent flow conditions were considered. This could provide
a theoretical basis for the optimization of the membrane
module, aeration intensity, and inlet locations.

The C-tube and combined A + C tube aeration modes
were used, and the carrier filling ratio was 50%. Different
baffle areas and locations were used for the experimental
optimization; their effects on the mobility of the carriers in
the experiments and simulation are shown in Figs. 11 and
12. Excellent agreement between the experiments and simu-
lation was observed. The results show that the aeration rates
required to drive the carrier movement were smallest when
the baffle was located at the upper position for both aera-
tion modes, indicating that this baffle position would enable
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Fig. 9. Airflow velocity in the use of two situations of the operation condition (a) using a combined (A + B) aeration tubes in the start-
ing flow state, A-tube is located in the membrane area under the membrane unit, while B-tube is located closer to the separation mesh;
the rising airflow from the B-tube enters the membrane zone through the mesh, (b) using a combined (A + C) aeration tubes in the full
flow state, A-tube is located in the membrane area under the membrane unit, while C-tube is located nearby the reactor wall, which
allows the airflow to be concentrated in the carrier zone.
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Fig. 10. Carries’ volume fraction at combined A + B aeration tubes (where A aeration tube is under the membrane module and B
aeration tube is close to the separation mesh) with none baffle on the air separation mesh which drove the carriers to the side of the
reactor’s wall and away from the separation mesh which is in a good agreement with the experimental results at the same conditions
(a) in the starting flow state and (b) in the full flow state.
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Fig. 11. Effects of the baffle area and location on the carrier mobility in the experiment and simulation using C-tube aeration and
baffle areas of 0.35, 0.71, and 1.06 m? (a) in the starting flow state and (b) in the full flow state.
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Fig. 12. Effects of the baffle area and location on the carrier mobility in the experiment and simulation using combined A + C tube
aeration and baffle areas of 0.35, 0.71, and 1.06 m? (a) in the starting flow state and (b) in the full flow state.

energy savings. Obvious improvement was observed as the
baffle area was increased from 0.35 to 0.71 m?, while increas-
ing the area further from 0.71 to 1.06 m? only showed a ben-
efit for the starting flow state with the baffle in the upper
location; no effect or even a negative effect was observed
under other operating conditions; that is, a larger baffle area
led up to increased energy consumption. This is because
the upward flow caused by the membrane aeration acted
as a drag force on the fluid in the channel between the two
zones and increased the downward speed of the carriers,
especially at the upper part of the baffle in the carrier zone.
Fig. 13 shows the simulation results, which are opposite to
those shown in Fig. 10.

When the baffle area is larger, the width of the bottom
fluid channel between the two zones decreases, thereby
reducing the drag force. When the 1.06 m? baffle was used,
the fluid channel was almost closed, indicating the necessity

of optimization. Some researchers have also verified that
the drag force is more important than other types of inter-
phase forces for simulating the hydrodynamics of air—carrier
flow due to the great differences between the air and carrier
phases [36,37]. From the above results, it was concluded that
a 0.71 m? baffle located at the upper part of the separation
mesh demonstrated optimal energy savings, and that the
aeration could be reduced by more than 15% under these
conditions.

3.4. Effects of the water inlet/outlet flow rates and the aeration
rate in the membrane zone on the hydrodynamic characteristics

The combined A + C tube aeration mode was adopted to
investigate the effects of different water inlet/outlet modes
and aeration rates in the membrane zone on the hydrody-
namic characteristics at a fixed carrier filling ratio of 50%.
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Fig. 13. Carries’ volume fraction at combined A + C aeration tubes (where A aeration tube is under the membrane module and C aera-
tion tube is close to the reactor’s wall) with none baffle on the air separation mesh which drove the carriers to the side of the separation
mesh and the channel between the two zones and increased the downward speed of the carriers which is in a good agreement with
the experimental results at the same conditions (a) in the starting flow state and (b) in the full flow state.

The effects of the different aeration rates in the mem-
brane zone (A-tube flow rates of 4, 5, or 6 m%h) on the
hydrodynamic performance in the static state (no inlet/out-
let water flow) and dynamic state (inlet/outlet water flow
of 200 L/h) on the experimental and simulated results are
shown in Fig. 14. The results revealed that excellent agree-
ment between experiment and simulation was achieved
when the carriers were in the start and full flow states. At
all of the membrane zone aeration rates, little difference was
observed between the aeration rate required to drive the car-
rier flow in the static and dynamic states, indicating that the
inlet/outlet modes had almost no effect on the carrier circu-
lation, which also confirms the previous view that the way
in which water enters and leaves the reactor has little effect
on the fluidization of the carriers [38]. The simulation results
indicated that this low inlet/outlet water flow rate had little
effect on the turbulence of the carriers and the membrane
zones or on the overall flow state.

However, the aeration rates required to drive the carrier
flow increased with increasing aeration rate in the membrane
zone. The simulation demonstrated that greater aeration
caused more flow circulation velocity and lifting force on the
carriers.

When the aeration rate in the membrane zone (A-tube
flow rate 4, 5, 6 m*h) was reduced, the C-tube aeration rate
required to maintain carrier recirculation decreased slightly,
indicating that the aeration intensity in the membrane zone

did not significantly impact the hydrodynamic characteris-
tics for the flushing of the membrane surface.

The factors affecting the flow recirculation in the
HG-MBR for the real application can include: (1) the physi-
cal and chemical characteristics of the activated sludge, such
as its particle size distribution, a viscosity [39], surface ten-
sion, etc.; (2) the operating conditions of the reactor, such as
the aeration mode and intensity [40], hydraulic conditions,
etc.; (3) the reactor design, such as the reactor type, config-
uration, and size [41] and the layout of the membrane and
carrier zones, etc.; and (4) the type of carrier and filling ratio
[42]. The current study shows that a simple modification to
the design of the separation mesh, such as the addition of a
baffle, can modify the hydrodynamic characteristics of the
fluid in the reactor and effectively reduce the negative effect
of the mesh on the carrier movement. Using the modified
design, smooth recirculation of the carriers can be achieved
using a relatively small aeration intensity, leading to energy
savings.

4. Conclusions

The current study compared the results from a CFD
simulation using the Eulerian—-Eulerian two-phase model
with the results obtained by experimental reactor opera-
tion. The CFD simulations were found to be in stellar agree-
ment with the experimental results, indicating the accuracy,
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Fig. 14. Effects of the water inlet/outlet flow rates and aeration rate in the membrane zone (A-tube flow rate) on the hydrodynamic
characteristics in the experiment and simulation. Baffle area: 0.71 m? baffle position: upper location; filling ratio: 50% (a) in the
starting flow state and (b) in the full flow state.
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