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Abstract 

Having previously established that hydrodynamic effect introduced by an open-end aerator 

for free bubbling is more effective and economic in fouling amelioration in flat sheet MBRs 

(FSMBR) than conventional closed-end aerator, this work is focused, through two 

modifications, on its further optimization in a commercial FSMBR. One relates to the 

aerators themselves, the other to the central aeration air supply pipe. The aerators are 

tapered, or to be more precise each one is a frustum i.e. that portion of cone which remains 

after the upper part has been cut off by a plane parallel to its base. Based upon a validated 

Computational Fluid Dynamics (CFD) study (which accurately predicts bubble size and 

frequency), hydrodynamic features including flow pattern and velocity distribution through 

aerators, bubble size and shear stress on membranes were predicted for various 

implementations of the new design. An extensive study found that to achieve a very high 

degree of uniformity between different aerators for a full-scale FSMBR (160 sheets), the 

optimal design featured frustum-designed aerators of length 180 mm with the diameter 

decreasing from 18 to 9 mm at the open end. Each aerator had four top nozzles of diameter 

4 mm, and 20 aerators were attached to a pipe of 1760 mm. Based upon this aerator design, 

the central aeration pipe diameter was optimized, the shear stress was enhanced and 

corresponding number of effective channel coverage was enhanced by 25 to 75%.  

 

Key Words 

Flat sheet MBR; aerator design; CFD; velocity distribution; shear stress; air consumption. 
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1.    Introduction 

The flat sheet membrane bioreactor (FSMBR) is one of the major MBR configurations 

widely used in wastewater treatment because of its high efficiency of separation, good 

effluent quality and low sludge volume[1]. Membrane fouling has seriously inhibited its 

extensive application[2-4]. At present, aeration is the normally used method to ameliorate 

foiling [5, 6]. However, the low efficiency of air utilization and uneven bubble flow from 

traditional aeration devices has limited the hydrodynamic effect of bubbling on fouling 

control, particularly at full-scale[7].  

In a full-scale commercial FSMBR, the traditional aeration device normally has a 

fishbone pattern consisting of a central aeration pipe with  small aerators on both sides[8], 

as shown in Fig, 1. The aeration is designed to give one of two regimes. Either the air 

flowing out through the nozzles of the aerators is free bubbling or slug bubbling[9]. 

Motivated by the need to enhance surface shear stress through smarter use of 

hydrodynamics, and thereby achieve enhanced fouling control, our research group has 

undertaken a number of numerical and experimental works for both aeration regimes [10-

14]. However these studies focused on the aeration process from one aerator, assuming all 

other aerators would have the same bubble behavior. The assumption that there would be 

little variation between aerators was taken as a given but in order to have a better 

understanding FSMBRs at industrial scale some additional fundamental work is required 

and that was the motivation for the current work. 

Particularly for full-scale commercial MBR, where the possibility of making directly 

observations is highly limited, the CFD (Computational Fluid Dynamics) is a very useful 

tool [15, 16] to explore the hydrodynamics of gas-liquid two-phase flow. There are several 
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multi-phase simulation methods for gas-liquid interface calculations, such as Euler-Euler, 

mixture and VOF (Volume of Fluid) methods. The VOF is generally chosen as it is a more 

suitable method by which to compute the motion of bubbles in a liquid. This is achieved 

through incorporating an additional volume fraction equation, which is detailed below in 

section 2.2.2.  

For aeration Liu et al.[17] proposed a bent-sheet system to reduce the uneven slug 

bubble distribution. In this way, the uniformity of bubbles distribution from different 

nozzles was enhanced. Past works in our group [18-21]  have also addressed practical 

means to improve shear stress whist reduced energy consumption in the FSMBR system. 

More recently within our group, Wang and coworkers proposed, and studied through CFD 

and experimental methods, an intermittent bubbling process with large-coalescence 

bubbles [22-25]. In addition to this work on slug bubbling they have also proposed new 

aeration designs for free bubbling process [26] and this is also the subject addressed herein. 

Unfortunately, limited research concerning some of the challenges concerning the 

industrial application of FSMBRs has taken place. With the increase application of super 

large MBR (≥100,000 m3/d), a large number of membrane sheets need to be installed in 

one module, hence the length of aeration pipe as well as the number of aerators needs to 

increase. In this situation, the key question concerning the bubbling processes is its 

homogeneity. When there is a low air velocity from the nozzles of some aerators, the 

corresponding hydrodynamic effect will be weak and will result in severe fouling of the 

corresponding membrane surfaces. Therefore specific questions include, (i) how might the 

air velocity distribution throughout the pipe and all aerators be controlled to ensure decent 

uniformity, and (ii) how might the air utilization be kept as low as possible.  
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In our recent prior work on the application of free bubbling process in a FSMBR, a 

new aerator design was proven to produce uniformly higher intensity shear stresses on the 

membrane surfaces at lower air usage[26]. This new design of aerator included an open 

end instead of traditional closed end, as shown in Fig. 1. This design enhanced the air 

utilization since the side nozzle produces additional large bubbles, whist the traditional one 

has fewer bubbles of a size to induce higher shear stress. A secondary reason for adding a 

side nozzle (the top opening apertures are retained) is that an open end allows any sediment 

inside an aerator to be discharged. This open-end design was for a standard FSMBR 

module of 80 ~ 100 membrane sheets for which one could assume that the aerators from 

the one central pipe would give a near uniform air distribution. This design has been applied 

commercially by Oxiamembrane Co. Ltd (http://www.oxiamem.com). However, for the 

much larger water treatments incorporating FSMBRs, further numerical and experiments 

need to be conducted to optimize air distribution across the aeration system. Thus for the 

current study the basis was a full-scale FSMBR of 160 sheets of membrane. 

 The main aim of the study was to investigate the potential benefits of an aeration 

system in which each aerator is an open-ended frustrum with a top row of nozzles. A 

frustum is a truncated cone in which the upper part has been cut off by a plane parallel to 

its base. Thus the side aerators are effectively tapered tubes with an open end. The effect 

upon air distribution and bubble size of varying the diameter of end aperture was 

investigated. The end aperture diameter was changed in range of 3 to 18 mm. Specifically  

five frustum open-end aeration pipe designs were compared with the base cases of an open-

end configuration and the traditional closed-end design. Overlaying this investigation a 

combination of three additional critical parameters were investigated through CFD 
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simulations: (1) aerator length, (2) diameter of top nozzles on the aerator, and (3) The 

influence of pipe length (for fixed number of membrane sheets this is equivalent to varying 

the channel gap).  

In order to achieve the hydrodynamic benefit of shear stress intensification in all areas 

whilst not using excess air in some partitioning inside the central air supply pipe was 

studied so as to have precise control of the air distribution. The modified pipe was studied 

with varied pipe diameters, to optimize the air velocity distribution among all aerators. 

Shear stress was also calculated and compared for a full-scale FSMBR with 160 membrane 

sheets. In addition, the influence of operating parameters on velocity distribution and the 

consequential induced shear stress was paid great attention, to enhance the hydrodynamic 

effect in all channels.  

 

2.    Methods 

2.1 Experimental study 

The free bubbling behavior of different aerator designs were investigated by both  

experimental and through CFD studies. The design is based on the industrial normal 

aeration pipe structure, as shown in Fig. 1, there are four small apertures on the top of 

aerator in both conventional and new designs, but there is an additional opening in the 

current new configuration, whist there is dead end in the conventional one. The new design 

in this study has frustum diameter-varying aerators with an open end. The I.D. of the aerator 

at the point of attachment to the central pipe is 18 mm whilst the I.D. at the aperture of the 

open end had values as follows:  3, 6, 9, 12, 15 and 18 mm. A schematic diagram of the 

experimental system is shown in Fig. 2; the tank dimensions were 600×400×1200 mm 
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(L×T×H). Bubbly flow from seven aerator configurations was generated, and its 

development could be observed. 

 

 

Figure 1 A schematic of the layout for FSMBR with fishbone-type aerator and pictorial 

summary of the new aerator designs. 
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Figure 2 Free bubbling hydrodynamics experimental rig. 

 

The dimensions of membrane sheets were 510×6×1200 mm (L×T×H), and were 

supplied by Oxiamembrane Co., Ltd, China. Aerators with different designs were fixed 

350 mm below the stack of 32 membrane plates. The air supplied via the air flow rotameter 

was maintained at a flow rate of 96 L/min, which corresponds to the supply in industry for 

the chosen number of membrane plates.  

Bubble behavior was observed and recorded by a video camera to the front. A CMOS 

camera (FASTCAM SA1.1, Photron, Japan) with 1024×1024-pixel and up to 480 fps high 

speed was used. It was equipped with a Nikon Micro 60 mm F2.8D lens. Image J was run 

to process the images and obtain quantitative information on bubble characteristics. The 

number of bubbles from each nozzle was divided by the time interval of 1 min to obtain 

the bubble frequency. Experiments were conducted three times at room temperature. 
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2.2 CFD simulation 

2.2.1 Physical model and meshing 

To simulate gas-liquid two-phase flow behavior in a FSMBR, 3D computational 

geometry was built and meshed in GAMBIT 2.4.6. High-quality mesh of Cooper-type hex 

was used to divide the computing domain. The total number of membrane plates was 160 

(Oxiamembrane Co., Ltd, China) and 16 covered by one aerator, so there were 10 pairs of 

aerators on the central pipe. Owing to the symmetric boundary condition, one only needs 

to simulate 10 aerators on one side; this saves computational time. Output such as liquid 

velocity distribution was observed for the various types of aerators for a range of set-ups 

in which the variables varied were pipe length, aerator length and top nozzle diameter. The 

ranges were 1520 ~ 2240 mm, 130 ~ 230 mm, and 3 ~ 6 mm, for pipe length, aerator length 

and top nozzle diameter respectively. A change in pipe length accords with, and is a 

consequence of, a change  in the channel gap. These varied from 3 ~ 8 mm, which is the 

normal range applied in industry.  

After the optimal design of the aerators was determined, modifications to the central 

air supply pipe were investigated. In general, a series of computational geometries with 

different pipe designs were set up. A typical mesh is shown in Fig. 3; the highest average 

EquiSize Skew parameter was 0.658 for the entire computation domain, which indicated 

high mesh quality. Table 1 shows detailed mesh information for different computational 

geometries. 
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(a) 

 

(b) 

Figure 3 Mesh structure of computational domain for free bubbling regime in (a) full-

scale aeration pipe and (b) full-scale FSMBR generated by GAMBIT software. 
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Table 1 Mesh information for various 3D aeration pipe computational geometries 

Aerator with closed end (ACE) and open end (AOE) in free bubbling regime: pipe length 

of 1760 mm, aerator length of 180 mm, nozzles diameter of 4 mm. 

Name 
Origin 

I.D. (mm) 

Varying 

I.D. (mm) 

Number of 

Cells 

Number of 

Faces 

Number of 

Nodes 

ACE-18-18 18 18 1,477,176 4,584,271 1,745,090 

AOE-18-18 18 18 1,598,856 5,082,426 1,939,282 

AOE-18-15 18 15 1,484,008 4,772,466 1,860,256 

AOE-18-12 18 12 1,448,483 4,645,937 1,816,706 

AOE-18-9 18 9 1,404,208 4,529,141 1,776,506 

AOE-18-6 18 6 1,362,712 4,402,612 1,732,956 

AOE-18-3 18 3 1,362,712 4,402,612 1,732,956 

 

Aerator with AOE-18-9 in normal FSMBR system 

Name 

Channel 

Width 

(mm) 

Pipe 

Length 

(mm) 

Aerator 

Length 

(mm) 

nozzles 

Diameter 

(mm) 

Number 

of Cells 

Number 

of Faces 

Number 

of Nodes 

PL-1520 3.5 1520 180 4 
2,192,09

5 
7,043,651 2,661,083 

PL-1600 4 1600 180 4 
2,192,09

5 
7,043,651 2,661,083 

PL-1760 5 1760 180 4 
2,222,03

3 
7,253,589 2,871,021 

PL-2000 6.5 2000 180 4 
2,256,76

9 
7,618,325 3,235,757 

PL-2240 8 2240 180 4 
2,349,60

6 
7,811,162 3,428,594 
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AL-130 5 1760 130 4 
2,448,24

1 
7,909,797 3,527,229 

AL-150 5 1760 150 4 
2,455,13

0 
7,977,686 3,595,118 

AL-180 5 1760 180 4 
2,464,12

8 
8,058,684 3,676,116 

AL-210 5 1760 210 4 
2,513,51

2 
8,208,068 3,825,500 

AL-230 5 1760 230 4 
2,596,45

9 
8,591,015 4,208,447 

NozzleD-3 5 1760 180 3 
2,590,09

3 
8,523,649 4,141,081 

NozzleD-

3.5 
5 1760 180 3.5 

2,597,99

2 
8,531,548 4,148,980 

NozzleD-4 5 1760 180 4 
2,591,50

4 
8,525,060 4,142,492 

NozzleD-5 5 1760 180 5 
2,199,73

9 
7,051,295 2,668,727 

NozzleD-6 5 1760 180 6 
2,257,99

2 
7,619,548 3,236,980 

Aerator with AOE-18-9 in normal FSMBR system with channel gap of 5 mm 

Name 

Central 

Pipe 

Diameter

(mm) 

Pipe 

Length 

(mm) 

Aerator 

Length 

(mm) 

nozzles 

Diameter 

(mm) 

Number 

of Cells 

Number 

of Faces 

Number 

of Nodes 

PipeD-56 56 1760 180 4 2,179,691 7,592,620 3,170,148 

PipeD-48 48 1760 180 4 2,030,172 7,403,591 3,054,273 

 

Table 2 Example mesh information for a 3D FSMBR computational geometry 

FSMBR system with modified aerator of open end (MOE): Height of Membrane Plate 

1200 mm, Channel width of 5 mm, Pipe length of 1760 mm, Aerator length of 180 

mm, Nozzles diameter of 4 mm. 

Name Number of Cells Number of Faces Number of Nodes 

MOE-18-9 1,404,208 4,529,141 1,776,506 
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2.2.2 Governing equations 

3D simulations were conducted with ANSYS FLUENT 14.5. The air flow pattern and 

velocity distribution throughout aeration pipe and aerators was calculated by VOF (Volume 

of Fluid) model [27, 28]. Mass and momentum conservation equations are given as 

following:   

𝜕𝜌

𝜕𝑡
+ 𝛻(𝜌�⃗� ) = 0 (1) 

𝜕

𝜕𝑡
(𝜌�⃗� ) + ∇(𝜌�⃗� �⃗� ) = −∇𝑃 + 𝜌𝑔 + 𝜌𝐹 + ∇𝜏  (2) 

where on the right side of Eqn. (2), the first three items represent pressure, gravitational 

acceleration, and external force, respectively. In each control volume, the properties of 

density ρ and dynamic viscosity μ were determined by volume-fraction-averaged method 

for an n-phase system: 

𝜌 = ∑𝛼𝑞𝜌𝑞 (3) 

𝜇 = ∑𝛼𝑞𝜇𝑞 (4) 

Where, 

∑ 𝛼𝑞 = 1

𝑛

𝑞=1

 (5) 

   Realizable k–ε model [29] was used for flow turbulence calculation, instead of 

standard k–ε model. This is because the Realizable model was improved to better simulate 

the complex secondary flow features, i.e., curvature, vortices, and rotation. Relative 

equations in the Realizable k–ε model for k (turbulence kinetic energy) and ε (dissipation 

rate) are expressed as  
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𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 (6) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + ρC1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘 + √𝜐𝜀
 

                                                                                                 +𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏 + 𝑆𝜀 

(7) 

where 

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
  

𝐶1 = max [0.43,
𝜂

𝜂 + 5
]  

𝜂 = 𝑆
𝑘

𝜀
  

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗  

The term 𝐺𝑘, represents the production of turbulence kinetic energy as defined:  

𝐺𝑘 = −𝜌 𝑢𝑖
′

𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅̅ ̅ 𝜕𝑢𝑗

𝜕𝑥𝑖
 

The k–ε model accounts for the generation of k due to buoyancy by 𝐺𝑏 and its 

corresponding contribution to the production of ε, which is given by 

𝐺𝑏 = 𝛽𝑔𝑖

𝜇𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
 

 𝑌𝑀  in Equation (6) represents dilatation dissipation from turbulence due to the 

compressibility effect, which is normally neglected in the incompressible flows.  Instead 

of constant, 𝐶𝜇 is a function of rotation rates, mean strain and the turbulence fields. 𝐶2 and 

𝐶1𝜀  are constants. Turbulent Prandtl numbers of k and ε are represented by 𝜎𝑘 and 𝜎𝜀 , 

respectively.  
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Surface tension was calculated by Continuum Surface Force (CSF) model [28]. Rather 

than a boundary value condition on the interface, this is modeled by pressure jump method 

and calculated through a source term in momentum, which is shown as: 

𝑝𝐿 − 𝑝𝐺 = 𝜎𝜅 (8) 

𝐹
→

𝑣𝑜𝑙
= 𝜎

2𝜌𝜅𝛻𝛼𝐺

(𝜌𝐿 + 𝜌𝐺)
 (9) 

where the curvature κ is defined with divergence of the unit normal, �̂�: 

𝜅 = 𝛻�̂�  

�̂� =
𝑛

|𝑛|
, 𝑛 = 𝛻𝛼𝑞  

2.2.3 Numerical methods and boundary conditions 

The simulations were proceeded through the pressure-based solver. Momentum 

equations and k–ε turbulence was discretized by second order upwind scheme, and 

pressure-velocity coupling was solved by PISO. The volume fraction function is solved 

using the geometric reconstruction scheme based on piecewise linear interface calculation 

(PLIC). Volume flow rates for aeration were generally fixed at 1920 L/min, whilst net 

liquid phase velocity was set to be zero. Stationary boundary conditions were used for all 

of the walls with a condition of no fluid-slip at the membrane surfaces.  

 

3.   Results and Discussion 

3.1 Model validation 

Experimental measurements for bubble behavior have been conducted to validate the 

model. Bubble features were qualitatively and quantitatively compared in Table 3, Table 4 

and Fig. 4.  Bubble column height from the nozzles were measured for all the aerator design 
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cases. For the open-end aeration design, the bubble size was observed for six aerators with 

different side nozzle diameter between 18 to 3 mm. Experimental results showed that the 

bubble dimension of top apertures varied from 42 mm to 58 mm, and for the side nozzle 

from 65 mm to 91 mm.  For the side aperture diameter larger than 9 mm, the top nozzle 

bubbles were around 43 mm and the side nozzle bubble were around 85 mm. Whist those 

increased to be around 58 mm and 80 mm as the side aperture diameter decreased to 9 mm. 

As the side aperture diameter decreased to be less than 9 mm, the top nozzle bubble 

changed little, but the side nozzle bubble size decreased to around 65 mm. The bubble 

frequency varied from 12 s-1 to 15 s-1 for the top and side nozzles, as the side aperture 

diameter decreased from 18 mm to 3 mm, which accords with the CFD results.  

Moreover, the bubble size and bubble frequency of the new design were also 

compared with that of the traditional design. For the traditional design, which only has top 

apertures, the air column height was around 46 mm and the bubble frequency was 14 s-1 

for all 4 apertures from both experiment and simulation data. The frustum aerator design 

with an open-end gave similar results for its top apertures but additionally the end nozzle 

produced large bubbles with height of averaged 78 mm and bubble frequency of 13 s-1.  
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Table 3  Bubble dimension (mm): comparison between CFD results and experimental 

data for aerators of different designs with bubbling flow rate of 96 L/min 

Name 
Top Aperture 

experimental 

Top Aperture 

simulation 

Side nozzle 

experimental 

Side nozzle 

simulation 

ACE-18-18 45±1 47 N/A N/A 

AOE-18-18 40±2 40 91±1 88 

AOE-18-15 45±1 44 84±2 86 

AOE-18-12 48±2 49 80±2 82 

AOE-18-9 46±2 45 80±1 77 

AOE-18-6 42±1 44 72±1 70 

AOE-18-3 47±2 49 65±2 66 

 

Table 4   

Bubble rising frequency: comparison between CFD results and experimental data for 

aerators of different designs each with air flow rate of 96 L/min 

Name 
Top Aperture 

experimental 

Top Aperture 

simulation 

Side nozzle 

experimental 

Side nozzle 

simulation 

ACE-18-18 15±1 13 N/A N/A 

AOE-18-18 12±1 14 12±1 14 

AOE-18-15 12±1 14 12±1 14 

AOE-18-12 13±1 15 13±1 15 

AOE-18-9 14±1 16 13±1 16 

AOE-18-6 15±1 17 12±1 17 

AOE-18-3 14±1 16 13±1 16 

 



18 
 

 

Figure 4   Comparison of CFD and experimental data for bubble features from aerators with 

open end diameter range from 18 to 3 mm at bubbling flow rate of 96 L/min. 

 

The above comparison between experimental and CFD studies shows excellent 

agreement for the range of different aerator designs. Moreover, the difference between 

CFD and experiment was lower than 5%, indicating that the CFD model is a robust 

simulation method. Hence, the CFD model recommended itself for use in this study. The 

preliminary grid independence was studied, an increase in the number of cells was found 

to have essentially no effect on bubble shape、size and velocity. Therefore, this simulation 

model could be used to study the effect of changes in the design of the aerator, such as 
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aerator length and nozzle diameter, and changes in the length of the central supply pipe. In 

particular changes in velocity distribution resulting from varied pipe length, aerator length 

and nozzle diameter are presented. The effect upon shear stress at the membrane surface 

are also presented.  

 

3.2 Design of aerator configuration 

The air velocity distribution for seven designs is shown in Fig. 5 (a). The inlet air flow 

rate for all the cases was 1920 L/min which is the normal usage in industry for FSMBR 

shown in Fig. 1 which consists of 160 plates giving a total membrane area of 192 m2. The 

air continuously flows through the fishbone aeration system and exits from the apertures; 

it is a free bubbling process. The velocity distribution and uniformity between different 

aerators were compared and the results are shown in Fig. 5. As the velocity contour figures 

(Fig. 5 (a)-(c)), show the velocity distribution in case (i) is severely nonuniform. These 

aerators had a closed end. However, open ends leads to improved uniformity particularly 

when the end aperture diameter is decreased. With end diameters between 9 and 3 mm 

(cases of (ii) (iii) and (iv)), the flow pattern across aerators and among different aerators 

was the most uniform. The details of air flow rate and its variance are plotted and 

quantitatively compared in Fig.5 (b) to (e).  
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Figure 5 Comparison of the seven aerator configurations for free bubbling process with inlet 

aeration flow rate of 1920 L/min: (a) velocity distribution through the whole pipe and aerators; 

(b) sum of flow rate for four top nozzles; (c) flow rate of side nozzle; (d) standard variance for the 

sum flow rate of four top nozzles; (e) standard variance for side nozzle flow rate. 

 

Quantitative evaluation of the uniformity of the air velocity is provided through the 

evaluation of the standard variance of flow rate of the ten aerators. As shown in Fig. 5 (d) 

and (e), the first three cases (18-18 closed, 18-18 open, and 18-15) had high variance of 

over 5.5 and 20 L/min for top and end nozzles, respectively. As the end opening diameter 

decreased to 12 mm, the variance decreased to be 3.4 and 15 L/min, respectively. With an 

end diameter of less than 9 mm the velocity variance decreased to be 3 to 4.9 L/min for top 

and end nozzles. Overall the 18-9 design gives excellent uniformity. 

According to previous experience evaluating an open-ended aerator [26], the 

requirements for inducing sufficiently strong hydrodynamic effects so as to exceed the 
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necessary shear stress on each membrane wall were (a) total air flow rate from the top four 

nozzles of >40 L/min, and (b) flow from the end nozzle >18 L/min. From Fig. 5, the 

structures with open-end diameter of 9 and 6 mm met both requirements. Also the end 

opening has the function of allowing any sediment inside an aerator to be discharged and 

thus the larger nozzle is to be preferred. Therefore, the 18-9 structure was chosen as the 

basis for further study and optimization as detailed in the following sections. 

  

3.3 Variation in length of Central Pipe  

The channel gap between every pair of membrane plate was changed from 3.5 to 8 

mm and the consequential change in the length of the central pipe was from 1520 to 2240 

mm (160 membrane plates with thickness of 6 mm). The velocity distribution and flow rate 

for different pipe lengths are compared in Fig. 6. In the case of 2240 mm length, the flow 

rate of top nozzles was below 40 L/min for the first 6 aerators and then over 40 L/min for 

the rest as shown in Fig. 6 (b). The variance for the top nozzles (Fig. 6 (d)) was around 3 

L/min for different pipe lengths from 1520 to 2240 mm, with somewhat lower variance for 

the longer lengths. The major difference between the five designs was observed in the end 

nozzle variance. For pipe lengths below 1760 mm, as shown in Fig. 6 (e), the variance was 

over 15 L/min but less than 10 L/min for the three cases of 1760 to 2240 mm. Thus for a 

more stable, more uniform velocity distribution among the ten aerators, a channel gap of 5 

to 8 mm (which corresponds to a central pipe length of 1760 to 2240 mm) is, in general, to 

be preferred.  
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Figure 6   Comparison of various aeration pipe length with inlet flow rate of 1920 L/min: (a) 

velocity distribution through the whole pipe and aerators; (b) sum of flow rate for four top 

nozzles; (c) flow rate of side nozzle; (d) standard variance for the sum flow rate of four top 

nozzles; (e) standard variance for side nozzle flow rate. 
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3.4 Variation of aerator length 

Based on the frustum 18-9 structure, the aerator length was varied from 130 to 230 

mm in order to determine the optimal length of aerator whilst keeping the following fixed: 

aerator was frustum 18-9, the channel gap was 5 mm, and central pipe length was 1760 

mm. Fig. 7 gives the velocity and flowrate distributions. Fig. 7 indicates that the aerator 

length of 130 to 210 mm could provide an uniform air velocity distribution. Since the case 

of length 180 mm had smallest variance and satisfied the flowrate requirements for top and 

side nozzles as mentioned in section 3.2, an aerator length of 180 mm was the optimal. 
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Figure 7   Comparison of various aerator length with inlet flow rate of 1920 L/min: (a) velocity 

distribution through the whole pipe and aerators; (b) sum of flow rate for four top nozzles; (c) 

flow rate of side nozzle; (d) standard variance for the sum flow rate of four top nozzles; (e) 

standard variance for side nozzle flow rate. 

 

3.5 Variation of nozzle diameter 

The top nozzle diameter on each aerator was varied from 3 to 6 mm whilst keeping 

the following fixed: the channel gap was 5 mm, aerator was frustum 18-9 with length of 

180 mm, and central pipe length was 1760 mm. In Fig. 8, it showed that the flow rate from 

the top nozzles increased as the nozzle diameter increased with all top nozzle flow rates 

being above 40 L/min for nozzles larger than 3.5 mm diameter. With increasing flow 

through the top nozzles there was correspondingly less flow through the end nozzle but in 

all cases the end nozzle flow rate was >18 L/min. The trends in the variances of flow rate 

from the top nozzles was opposite to that from the end nozzles; for diameters 5 and 6 mm, 

the standard variance of top nozzles was the highest at 7 L/min but the corresponding end 

nozzle flow rate variance was lowest at 3.5 L/min. Considering both top and end nozzle, a 

diameter of 4 mm will be the most appropriate. 
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Figure 8   Comparison of various nozzles diameter with inlet flow rate of 1920 L/min, the channel 

gap was 5 mm, aerator was frustum 18-9 which length was 180 mm, and central pipe length was 

1760 mm: (a) velocity distribution through the whole pipe and aerators; (b) sum of flow rate for 

four top nozzles; (c) flow rate of side nozzle; (d) standard variance for the sum flow rate of four 

top nozzles; (e) standard variance for side nozzle flow rate. 
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3.6 Modification of Central Pipe diameter 

Maintaining an optimal structure of frustum 18-9 aerator design as invariant, the 

influence of the central pipe diameter was investigated. Specifically it was decreased from 

standard 64 mm to 56 and 48 mm. As illustrated in Fig. 9, the flow rates from the top 

nozzles were similar for the two cases of pipe diameter 56 and 48 mm (the average values 

being 47 and 46 L/min respectively). The average value for the standard case is 44 L/min. 

Increasing the resistance to flow down the central tube increases the flow through the end 

nozzles. The average values for the pipes of 64 mm to 56 and 48 mm were 43, 48, 49 L/min 

respectively.  The variance of top nozzle flow rates decreased around 40% at pipe diameter 

of 56 and 48 mm, compared to the standard 64 mm; whilst that of end nozzle was similar 

around 5 L/min. Considering both the flow rate values and smaller variance, pipe diameter 

of 56 mm was determined to be the most appropriate size.  
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Figure 9   Comparison of various central pipe diameter with inlet flow rate of 1920 L/min, the 

channel gap was 5 mm, aerator was frustum 18-9 which length was 180 mm, and central pipe 

length was 1760 mm, nozzle diameter was 4 mm: (a) velocity distribution through the whole pipe 

and aerators; (b) sum of flow rate for four top nozzles; (c) flow rate of side nozzle; (d) standard 

variance for the sum flow rate of four top nozzles; (e) standard variance for side nozzle flow rate. 
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3.7 Shear stress comparison 

The optimal structure determined above features the new frustum 18-9 aerator design 

with a top nozzle diameter of 4mm and an aerator length of 180 mm attached to a central 

pipe of diameter 56 mm and length 1760 mm. For this design, the shear stress on the 

membrane walls induced from free bubbling was predicted and compared with the values 

generated using a conventional fishbone aerator. The former is labelled ‘Modified PipeD56 

18-9’ and the latter ‘Conventional PipeD64 18-18 closed’. A comparison is also made with 

‘Modified PipeD64 18-9’ in order to check whether a central pipe diameter of 56mm is 

superior to one of 64 mm or not. In all cases the air supply was 1920 L/min and the channel 

gap was 5 mm.  

In the overall FSMBR unit there are 10 pairs of aerators and between each aerator 

there are 16 channels. The middle unit in the FSMBR was examined in detail. Due to the 

symmetry it is sufficient to examine a section comprising 8 channels in which there is 

further symmetry between the two membrane walls on each side. Hence hydrodynamics 

results on 8 membrane walls were calculated.  

In Fig. 10 (a) and (b), the bubble distribution and shear stress are compared. In Fig. 

10 (c), the x-axis indicates the location of the membrane surface with respect to the aerator 

– ‘1’ is at the closest position to an aerator whilst ‘8’ is midway between two aerators; the 

y-axis gives the corresponding average shear stress. It can be seen that larger bubbles are 

more numerous in both modified cases than the conventional case, especially in channels 

2 – 6. This resulted in a shear stress enhancement as shown in Fig. 10 (b) and (c). The shear 

stress was over 1.5 Pa for all the walls in the PipeD 56 18-9 case. By contrast only 75% of 
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the membrane walls could reach more than 1.2 Pa in the 18-9 case and this level was 

reached by just 25% in the conventional 18-18 closed-end system.  
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Figure 10   Comparison of hydrodynamic effect between designs of frustum 18-9 open-end 

structure and traditional 18-18 closed-end; (a) bubble distribution; (b) shear stress; (c) average 

shear stress. The “Membrane position” indicates the position of a membrane wall with respect to 

the aerator – ‘1’ is at the closest position to an aerator whilst ‘8’ is midway between two aerators 

 

Our research to this point has shown that for a given air input the hydrodynamic effect 

can be enhanced through the use of frustum open-ended aerators of the 18-9 design 

optimization above. Based on this, the central pipe diameter could be changed to enhance 

the shear stress on membrane walls, which was significant for the fouling control. As 

shown in Table 5, the number of effective channel coverage from one aerator was 

compared, it was 4 channels in conventional case, whilst the number increased to be 8 and 

16 in modified case of 18-9 structure, with pipe diameter of 64 and 56 mm respectively. 

Therefore, through the optimization of aerator structure and pipe designs, the effective 

channel coverage was enhanced by 25 and 75%, compared to the conventional aeration.  

 

Table 5 Comparison of hydrodynamic effect from different pipe designs in free bubbling 

MBRs 

FSMBR with channel gap 5 mm, including 160 sheets of membranes sized 510×6×1200 

mm (L×T×H) 

Name 

Number of effective 

channel coverage of 

one aerator 

Percentage of effective 

channels  increased (%) 

Modified PipeD56 18-9 16 75* 

Modified PipeD64 18-9 8 25* 

Conventional PipeD64 18-18 close 4 N/A 

*data was calculated by difference of modified and conventional effective channel number 

over the total channel number of 16 by one aerator, i.e., (ND56_18-9-ND64_18-18)/Ntotal and 

(ND64_18-9-ND64_18-18)/Ntotal. 

 



33 
 

4.   Concluding Remarks 

Several aerator designs were proposed and compared for free bubbling process in 

silico for large module (160 membrane sheets) of full-scale FSMBR. Simulations indicate 

that a frustum aerator of diameter-varying of 18 to 9 mm with an open-end aperture can be 

optimized to achieve beneficial hydrodynamics. It was found that the optimal design 

featured pipe length 1760 mm, aerators length 180 mm, and top nozzles diameter 4 mm 

could provide uniform velocity distribution among all aerators. Based on this aerator design,  

central pipe diameter was decreased to be 56 mm to further enhance the hydrodynamic 

effect. The bubbly flow from a single branch aerator can cover 16 channels. Bubble 

behavior and shear stress development for different conditions of aeration velocity was 

calculated. Comparing with the conventional 18-18 closed design, the effective channel 

coverage was enhanced through the frustum 18-9 design. 
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