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ABSTRACT 
 
     Two phases (water-air) hydrodynamic performances of continuous- and pulsed-
aerated real-size membrane bioreactor (MBR) units have been evaluated numerically 
and experimentally. An integrated computational fluid dynamics (CFD) simulation has 
been conducted for the numerical study. Particle image velocimetry (PIV) is employed 
for water velocity measurements. The CFD results of water at different heights in water 
column are verified against experimental data with good agreement, for both aeration 
modes. Subsequently, the calibrated CFD model is applied in simulating three phases 
(water-air-MLSS) MBR systems. The comparative study between continuous- and 
pulsed-aerated flow dynamics shows higher air, water velocities and also higher MLSS 
concentration for continuous aeration.  
 
 
1. INTRODUCTION 
 
     Membrane bio-reactor (MBR) is a wastewater treatment technology widely used to 
treat industrial and domestic wastewater because of its advantages, including highly 
improved effluent quality, smaller footprint, higher organic loading and lower surplus 
sludge production [Kishino et al. (1996), Liu et al. (2000, 2003) and Busch et al. (2007)]. 
It is expected that in near future, the demand for MBR technology will increase and its 
application area will grow due to future more stringent regulation and water reuse 
initiatives [Cicek (2000), Stephenson et al. (2000) and Visvanathan et al. (2000)]. 
Despite the benefits and potential of MBR, a wider adoption of this process, especially 
at large-scale basis, is still hindered by decline in permeate flux due to the formation of 
concentration polarization and membrane fouling. Over the years, many investigations 
and studies on the control of concentration polarization and membrane fouling are 
conducted, giving impetus to the continuous progress in this field.  One of the many 
effective and economical ways is by gas sparging. This is because a two-phase gas-
liquid flow by nature is unsteady. In addition, the use of bubbles can bring a number of 



 

 

beneficial effects. As highlighted by Cui et al. (2003), the importance of gas bubbles in 
membrane bioreactor includes shear stress production on membrane surface, bubble 
induced secondary flow, pressure pulsing and fiber oscillation by passing bubbles and 
serving as oxygen supply for the bacteria growth. Therefore, in this paper, the objective 
is to utilize three-dimensional computational fluid dynamics (CFD) model to evaluate 
the hydrodynamics of both the continuous- and pulsed-aerated MBR system. In order 
to judge the reliability and accuracy of the numerical model, particle image velocimetry 
(PIV) measurement based on pilot system is also conducted. Comparisons between 
simulation and experiment are reported. Subsequently, a comparative study between 
continuous- and pulsed-aerated flow dynamics is conducted for performance analysis. 
 
 
2. NUMERICAL APPROACH 
 
 An integrated numerical approach, incorporating Eulerian multiphase model with 
porous medium scheme, was developed and implemented by Kang et al. (2008) to 
study the hydrodynamic characteristics of single membrane module and large scale 
plant systems of membrane bioreactor (MBR). The numerical approach also 
successfully took into account the vertically dependent filtration flux and the effect of 
mixed liquor suspended solids (MLSS) on water viscosity.  
 
 The same integrated numerical approach is adopted here to evaluate the 
hydrodynamics of both continuous- and pulsed-aerated MBR. The numerical details, 
such as governing equations, boundary conditions and modeling assumptions can be 
found in Kang et al. (2008). The CFD geometry model is shown in Fig. 1(a). As 
indicated in Table 1, four cases are simulated; two of which are carried out using two-
phase flow Eulerian model and the remaining two are simulated using three-phase flow 
model. Compared to two-phase model of water and air, the three-phase model includes 
additional mixed liquor suspended solid (MLSS) particles and its effect on water 
viscosity. The main reason of conducting two-phase simulation is to compare with 
experimental measurements, which could only be carried out at two-phase flow 
condition.  
 
 Two aeration modes applied in this study are continuous and pulsed aerations. 
Steady-state simulation is employed for continuous aeration. For pulsed aeration, two-
step simulation is carried out; with the first step being a steady-state simulation and the 
second step is a transient simulation. In the steady-state simulation, time-averaged and 
volume-averaged mass and momentum sources for air phase are calculated based on 
the operating conditions listed in Table 1 and imposed as boundary conditions. In these 
cases, other operating conditions remain the same, such as fiber packing density: 20%; 
water flow rate: 2.6m3/hr and filtration flux: 25liter/m2/hr. Having obtained converged 
solution by the steady-state simulation, it is followed by transient simulation with time 
step of 0.005s. In the transient simulation, instead of using time-averaged mass and 
momentum source terms, time dependent sources are utilized. Based on measurement 
data, one pulsed aeration cycle under air scouring flow rate of 4m3/hr, takes 4.2s; with 
3.8s being the air accumulation stage and 0.4s is the air pulsed stage.  



 

 

 A total of 10 pulsed cycles are simulated numerically for each pulsed aeration case. 
The results of last 4 pulsed cycles are then extracted for analyses. These last 4 cycles’ 
data are more reliable with initial condition effects minimized. 
 

 

 

 

 

 

 

 

 

 

 

 
Fig.  1. (a) Model of single membrane module used for CFD analysis and (b) schematic 
diagram showing the experimental measurement setup. 
 
 
Table 1: Compilation of modeling case studies. For three-phase cases, the MLSS 
concentrations at water inlet and outlet are 8000mg/liter and 12500mg/liter, respectively. 
 

Model Case Aeration 
Mode 

Air Flow Rate 
(m3/hr) 

Fiber Length 
(m) 

Pulsing Period 
(s) 

2-phase 1 Continuous 7 1.55 0.00 
2 Pulsed 4 0.67 4.20 

3-phase 3 Continuous 4 1.55 0.00 
4 Pulsed 4 1.55 4.20 
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3. EXPERIMENTAL APPROACH 
 
 The schematic diagram presented in Fig. 1(b) shows the experimental setup. Flow 
field measurement using particle image velocimetry (PIV) is conducted. In order to 
accommodate the PIV system for water velocity measurement at two-phase flow 
condition, fluorescent particles doped with Rhodamine B (20-40micron in diameter and 
1190kg/m3 in density) and Hoya red filter are introduced to the system. Fluorescent 
particles shift the wavelength of the reflected laser light. Hoya red filter blocks the green 
reflection from the air bubbles and receives only the orange reflection from the 
fluorescent particles. 
 
 During the measurement, the light sheet optic is attached on a tripod and emits a 
laser sheet across Window B. The laser sheet acts as a measurement plane and is at 
20mm away from the inner surface of glass wall. The CCD camera is mounted on a 
precision XYZ traversing platform and pointed toward Window A. The movement of the 
traverse allows very precise survey of different vertical positions of the measurement 
plane. For continuous aeration, measurements at four measuring windows; with central 
lines of Y=1.31m, 1.43m, 1.56m and 1.68m are taken. In the case of pulsed aeration, 
water vertical velocities at three measuring sections with central lines of Y=1.53m, 
1.78m and 1.91m are gauged. The positions of Y are the height measured from the 
bottom of the water tank. At these locations, the comparisons between simulation and 
experiment are made. For consistency, the measurement conditions follow the same as 
Case 1 and Case 2 shown in Table 1. 
 
 More details on equipments used, measuring principles and analysis software are 
referred to literature published by Liu et al. (2010).  
 
 
4. RESULTS AND DISCUSSION  
 

In this section, we firstly verify the CFD modeling results against two-phase flow 
experimental measurements. After verification, we analyze and evaluate the pulsed 
aeration by comparing with traditional continuous aeration process. 
 
 
4.1. Water Velocity Verification under Continuous Aeration 
 

Case 1 is simulated with a constant bubble diameter of 3mm. The simulations are 
also conducted for larger bubble sizes of 5mm and 7mm. Comparison between these 
three cases and experiments is shown in Fig. 2. In the figures, the black squares with 
error bars represent experimental measurements, solid line represents simulation case 
with 3mm bubble diameter, dotted line is for simulation case with 5mm bubble diameter 
and dashed line is for 7mm bubble diameter case. Both simulated and measured 
velocities show negative values, indicating that the vertical velocities in this region are 
downward dominated. It is noted that 3mm bubble diameter result agrees well with 
experiment data for lower part of the MBR unit. With the increase of height, the 



 

 

comparison is better for the cases with 5mm and 7mm bubble diameter. The trend of 
agreement is reasonable because small bubbles dominate at the tank bottom and 
those bubbles grow to a larger size while rising to the tank top.  

 
 

 

Fig. 2. Comparison between constant bubble diameter simulations and experimental 
measurement, in terms of water vertical velocity, at (a) Y=1.31m; (b) Y=1.43m; (c) 
Y=1.56m and (d) Y=1.68m. Black squares with error bars: experiment; solid line: 
simulation with 3mm bubble diameter; dotted line: simulation with 5mm bubble diameter; 
dashed line: simulation with 7mm bubble diameter. 
 
 

In order to take into account of the varying bubble size effect, instead of utilizing a 
constant bubble diameter, a variable bubble diameter profile, as in Eq. (1) is employed.  

 
Bubble Diameter = 0.0017Y4 – 0.0183Y3 + 0.0397Y2 – 0.0246Y + 0.0075 (1) 
 

This height dependent bubble size profile is derived from experiment measurement 
using high speed camera, conducted by Liu et al. (2010). Due to the constraint of the 
high speed camera setup, the bubble diameter can only be measured from Y=0.50m up 
to Y=1.70m. In the CFD modeling, below Y=0.50m, the bubble diameter is assumed to 
be a constant value of 3mm, and above Y=1.70m, the bubble diameter is assumed as 

(a) (b) 

(c) (d) 



 

 

5mm. In between Y=0.50m and Y=1.70m, there are five measurement locations at 
different heights. At each location, approximately 400 bubbles are measured and the 
averaged bubble size is then calculated. The comparisons between experimentally 
measured water vertical velocities and simulation result with the above mentioned 
variable bubble size distribution, are shown in Fig. 3. A good agreement is achieved for 
all heights. 
 
 

 

Fig. 3. Comparison between variable bubble size simulation and experiment, in terms 
of water vertical velocity, at (a) Y=1.31m; (b) Y=1.43m; (c) Y=1.56m and (d) Y=1.68m. 
Black squares with error bars: experiment; solid line: simulation. 
 
 
4.2. Water Velocity Verification under Pulsed Aeration 
 

Based on Case 2 operating conditions, the comparative results between simulated 
water vertical velocities at 3 different heights: i.e. Y=1.53m, Y=1.78m and Y=1.91m and 
their corresponding PIV measurement data are given in Fig. 4. The black squares with 
error bars and dotted line stand for PIV measurement result and the solid line is the 
result of last four simulation cycles. The experimental values at every instant are 
averaged from the values along the central horizontal line of each measuring window. 
Water vertical velocity at the center of measuring window differs from those at both 

(a) (b) 

(c) (d) 



 

 

ends. This effect combined with complex unsteady two-phase flow present in pulsed 
aeration, explain the high fluctuations of the measurement data. However, comparing 
the average values of the measurement with simulation result, the trend within one 
cycle is clearly shown and a fair agreement is achieved. 
 

 

 

 
 
Fig. 4. Comparison between simulated and measured water vertical velocities at (a) 
1.53m, (b) 1.78m and (c) 1.91m, for four pulsed cycles. Black squares with error bars 
and dotted line: experiment and solid line: simulation. Error bars represent experimental 
standard deviation. 
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4.3. Comparative Study between Continuous- and Pulsed-aerated 
Hydrodynamics 

  
Fig. 5(a) compares air average velocity magnitudes between Case 3 and 4. Case 3 

is continuously-aerated and Case 4 has pulsed aeration. The values in the figure are 
volume-weighted averaged over the fiber center region, because at this region the 
numerical data are less affected by external influences such as module potting on top 
and injection momentum at the bottom. Despite the same amount of air being inject, it 
can be seen that the pulsed-aerated membrane bioreactor (MBR) attains approximately 
20% lower in air velocity, as compared to continuous-aerated MBR. There are two main 
reasons for this phenomenon. Firstly, under continuous aeration, a plume of small 
bubbles is formed and rises naturally within the module. The rising bubble plume 
reduces the pressure at their wake and due to higher difference in pressure, the 
subsequent air bubbles are drawn into the wake with higher velocity. This phenomenon 
is similar to the “chimney effect” observed in building industry, except that no 
temperature difference is involved in this process. On the other hand, for pulsed 
aeration, one large pulse of air bubble is generated at timed interval. Two subsequent 
pulses of air are separated by approximately 1.5 m in vertical distance. This distance is 
considered large and thus interaction in accelerating the pulse of air is not happening. 
Secondly, under continuous aeration, interaction between air bubbles produces a 
confined air plume. Compared to confined air plume, one pulse of air has larger cross-
sectional foot print area, as shown in Fig. 5(b) and 5(c). As a result, a pulse of air 
encounters larger resistance during its rising.  
 

Fig. 6(a) provides the comparison between continuous- and pulsed-aerated water 
average velocities within the fiber center region. There are two factors affecting water 
velocity within fiber center; i.e. airlift effect and momentum from re-circulated water. As 
shown in Fig. 5(a), continuous aeration provides stronger airlift effect than pulsed 
aeration. Another contributor, i.e. re-circulated water momentum from the surrounding 
is almost comparable for both cases, as shown in Fig. 6(b). Therefore, water average 
velocity within fiber center is approximately 50% higher for continuous aeration case.   

 
Despite having higher water velocity, continuous aeration contains higher average 

particle concentration within module, as shown in Fig. 7(a). This indicates that water 
velocity magnitude is not the only measure for particle transport. Another important 
parameter is flow unsteadiness and turbulent intensity can characterize the flow 
unsteadiness. The turbulent intensity is defined as the ratio of root-mean-square of the 
turbulent velocity fluctuations,   to mean velocity,  :  	 = ′   

where  can be computed as  = 2 3  

where κ is the turbulent kinetic energy.  
 



 

 

Fig. 7(b) shows the comparison of average turbulent intensity at fiber center for both 
continuous and pulsed aerations. It is noted that pulsed aeration holds higher average 
turbulent intensity, indicating that pulsed aeration is capable of generating more 
unsteadiness within module than that by continuous aeration. The unsteadiness assists 
in redistributing particles away from membrane module. It is expected that the particle 
concentration will be even lower when fiber oscillation takes place. This is because 
unsteadiness enhances fiber oscillations. The resulting interaction between fibers 
facilitates the transportation of particle and also disrupts the concentration polarization 
on membrane surface. These factors are believed to play important roles as well for 
membrane fouling control, although they are not fallen into the scope of this study. 
 
 
CONCLUSION 
 

In this paper, both numerical and experimental approaches were adopted to 
investigate the hydrodynamic characteristics within continuous- and pulsed-aerated 
membrane bioreactor (MBR) module. Numerically, an integrated modeling approach 
accounting for mixing behavior between fluids, flow resistance through membrane 
module, mixed liquor rheology and filtration, was employed. In the case of experiment, 
particle image velocimetry was utilized to evaluate water velocity. The measured values 
were well-compared with simulated results, for two different flow patterns generated by 
continuous and pulsed devices. This confirmed the feasibility of the integrated 
numerical model for the study of this nature. In addition, it was found that flow patterns 
differed for two aeration modes. A confined air plume was created under continuous 
aeration whereas a large pulse of air was generated under pulsed aeration. Within a 
confined air plume, interaction between small air bubbles produced a “chimney effect” 
and this effect was absent in the case of pulsed aeration. Consequently, air velocity 
within the fiber unit was higher when continuous aeration was applied. In terms of water 
velocity, because both continuous and pulsed aerations had comparable re-circulated 
water velocity from the surrounding, a stronger airlift in the case of continuous aeration 
provided higher water velocity. Despite having higher water and air velocities, the 
particle concentration was higher too. This was mainly because pulsed-aerated 
membrane bioreactor produced more unsteadiness, which could be characterized by 
having higher turbulent intensity. 
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Fig. 5. (a) Comparison between continuous- (Case 3) and pulsed-aerated (Case 4) air 
average velocity magnitude. The value is volume-weighted averaged over fiber center 
region. In the figure, solid line represents continuous aeration case and black squares 
with dotted line are for pulsed aeration result. Contour plots show the distribution of air 
volume fraction for (b) continuous aeration and (c) pulsed aeration at t=2.0s. 
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Fig. 6. (a) Volume-weighted average values of water velocity magnitudes for 
continuous (Case 3) and pulsed aerations (Case 4) at fiber center region. (b) Water 
vertical velocity profiles of two cases across the module potting. In the figures, solid line 
represents continuous aeration case and black squares with dotted line are for pulsed 
aeration result. 
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Fig. 7. Comparison between continuous- (Case 3) and pulsed-aerated (Case 4) (a) 
average particle concentration and (b) average turbulent intensity. These values are 
volume-weighted averaged over fiber center region. In the figures, solid line represents 
continuous aeration case and black squares with dotted line are for pulsed aeration 
result.  
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