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Abstract 

For the developed fluidized bed-based integrated non-reflow A2/O process device, a gas, 
solid and liquid three-phase fluidized bed experimental platform was constructed for 
two compartments, and the Particle Image Velocimetry (PIV) technique was used to 
analyze the effect of long guide plate circulation orifice on liquid phase flow 
characteristics in fluidized bed. Furthermore, the liquid flow characteristics of the 
fluidized bed with a long (short) guide plate with a circulating orifice under different 
stirring or stirring aeration conditions and the axial velocity of the circulating orifice and 
the calculated loop flow were measured. The design of the mixed liquid reflux system is 
replaced by the guide plate circulation orifice and the operating conditions are 
optimized. The results show that the guide plate circulation orifice has the functions of 
reducing hydraulic concentration and dead zone and uniform hydraulic distribution, 
which is beneficial to sludge nucleation and shortening the A2/O start-up period. Under 
stirring conditions (1:1), fluidized bed liquid phase can form a stable circulation and has 
a more uniform hydraulic distribution and suitable hydraulic shearing force. Only long 
guide plates under stirring (1:1) aeration conditions,liquid phase near the plate can 
form a circulation, and the flow rate of the upper and lower circulation ports is greater 
than the design return flow. Prove that the design of the device is correct, and the optimal 
stirring condition is 1:1. 
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1. Introduction 

Biological fluidized bed technology is a new sewage (waste) water treatment technology combining 

biological immobilization technology and fluidization technology, which has the advantages of high 

efficiency, small land occupation and low investment [1], and has strong adaptability to water quality, 

load and bed temperature changes, and has been widely used in a variety of sewage (waste) water 

treatment occasions [2-5]. At present, most of the researches on the dynamic characteristics of 

fluidized bed are based on software simulation, such as Mai LiJie [6,7] who used software simulation 

to realize the optimization of hydraulic conditions and system energy consumption of quadrangular 

fluidized bed with bottom clearance cross baffle. Most of the methods used in numerical simulation 

are that the solid phase is a part of the liquid. The gas-liquid two fluid model is applied to the three-

phase flow of gas, solid and liquid, and the accuracy of the fitting model is not high, so it can not 

reflect the liquid phase flow more truly. 

Particle image velocimetry (PIV) is a non-interference transient whole flow field measurement 

method, which has the resolution and accuracy of single point measurement technology, and can 

obtain the overall structure and transient image of flow field [8] In recent years, PIV is widely used 
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in gas-liquid two-phase flow field measurement [9,10]. For example, Dong Liang [12,13] and others 

used PIV technology to study the dynamic characteristics of quadrangle bioreactor, and proposed that 

different stirring forms, packing concentration, internal structure, aeration intensity, inflow and 

outflow and different HRT have different fluidization forms in the biological fluidized bed, while a 

good fluidization form is reflected in the small hydraulic dead zone and biological dead zone Good 

hydraulic shear makes the renewal rate of cell membrane fast, so the dynamic characteristics of 

graduate fluidization bed play an important role in wastewater treatment technology.  

 

 

 

(1. Original water tank, 2. Inlet pump, 3. Inlet flow meter, 4. Laser generator, 5. Stirrer console, 6. 

Laser emitter, 7. Biological fluidized bed, 8. Stirrer (shaft) blade, 9. Stirring motor, 10. Diversion 

plate, 11. Outlet pump, 12. Outlet flow meter, 13. Water outlet tank, 14. Aeration pump, 15. Gas 

flowmeter, 16. Camera, 17. Computer, 18. Synchronizer) 

Figure 1. Flow chart of biological fluid-bed test system (a), shooting zone (b), deflector (c) and 

laser section diagram (d) 
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2. Materials and methods 

2.1 Brief introduction of experimental device and system 

The quadrilateral biological fluidized bed experimental test system is shown in Figure 1A, mainly 

including quadrilateral biological fluidized bed, water inlet and exit system, laser system, camera 

system, stirring system, aeration system, and image processing system. The material of the fluidized 

bed is transparent cuboid glass, the structure size is 260mm×180mm×800mm (length × width × 

height), and the total volume is 37.4L. The guide plate is parallel to the wide side and located in the 

center of the long side as shown in Fig. 1(c). The whole fluidized bed is divided into two cells. The 

overflow opening at the upper part of the long guide plate is 225mm from the top and the size is 

50mm×150mm (length × width), while the short guide plate is 70mm from the bottom. The lower 

circulation outlet is 625mm away from the top, with dimensions of 50mm×150mm (length × width). 

The stirring shaft of the stirring system is located in the center of the two cells respectively, and two 

blades are hung on each shaft. The leaf span is 50mm and the aperture is 8mm. The upper blade is 

located in the center between the two circulation ports, and the lower blade is 50mm from the bottom. 

The aeration disk of the aeration system is 92mm in diameter, located in the center of the stirring 

shaft, and the aeration aperture is 0.1~0.3mm. The aeration pipe diameter is 15mm and the inlet and 

outlet pipes are fixed on the back wall of the fluidized bed. 

2.2 Experimental scheme 

The PIV test system is the same as the test system in Refer 13. Glucose wastewater was manually 

configured for experimental water, and the concentration of each component was shown in Table 1, 

and the water quality was shown in Table 2. Sludge particles are substituted with the same material 

in reference 12 with a concentration of 2.5-3.5g/L. The guide plates are divided into long and short 

guide plates with or without circulation openings, as shown in Fig. 1(c). When the liquid flow 

characteristics of the two chambers were measured, the mixing speed ratios were 1:1 

(1000:1000rad/min), 2:3 (1200:1500 rad/min), and 1:2 (800:1200 rad/min). The left compartment 

was the reverse blade, and the right compartment was the frontal blade (three-blade propelling blade); 

When the gas-phase flow field characteristics of stirred aeration are measured, the stirring speed ratio 

is 1:1, the aeration intensity is 0.25m³/h, the left chamber stirring blade is the front blade, and the 

right chamber is the reverse blade. According to the design of the device, the hydraulic retention time 

is 2h, and the inflow and outflow of water is 12L/h. The different forms of the guide plate and the 

mixing speed are combined to form various conditions for experiments. In the experiment, the 

effective volume of the fluidized bed was 28L and the free liquid level height was 600mm. In the 

experiment, the laser light enters from the left side of the fluidized bed, as shown in Figure 1(a): the 

CCD camera is placed on the front of the fluidized bed, perpendicular to the direction of the laser 

light source. Due to the limited shooting range of CCD camera, under the precondition of ensuring a 

higher resolution of the flow field measurement area, the shooting area (Figure 1(b)) is selected as 

the upper area (215mm×260mm) and the lower area (295mm×260mm). The laser section is selected 

30mm away from the stirring shaft, as shown in Fig. 1(d). In the experiment, two sections were filmed 

successively under the same working condition, and 10,000 image sequences were recorded 

continuously in each working condition. Adaptive cross-correlation calculation was carried out on 

the images taken to obtain velocity distribution information in the flow field. The results showed that 

the velocity measurement error [14] of the flow field was less than 2mm·s-1.  

 

Table 1. Concentration of components in simulated Urban domestic sewage 

Component 
Sucrose 

C12H22O11 

Monopotassium phosphate 

KH2PO4 

Ammonium sulfate 

(NH4)2SO4 
NaCl Peptone 

Concentration range 

(mg/L) 
175 25 80 60 175 
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Table 2. Experimental water quality 

Index COD BOD5 TN TP Ammonia nitrogen pH 

Concentration range (mg/L) 270.3~345.2 215~285 38.5~45.3 3.52~4.95 19.8~25 6.5~8.5 

 

3. Results and analysis 

3.1 Characteristics of liquid phase flow in quadrilateral biological fluidized bed 

Through direct observation, it can be found that solid particles in the fluidized bed are moving. 

According to the basic conditions for the formation of solid fluidization [15] it can be known that the 

quadrilateral biological fluidized bed has entered fluidization. For reasons of space, In this section, 

the stirring speed ratio of long guide plate without circulating port is 1:1 (a~c), long guide plate with 

circulating port stirring speed ratio is 1:1 (d~f), long guide plate with circulating port stirring speed 

ratio is 1:2 (h~j), short guide plate with circulating port stirring speed ratio is 1:1 (k~m), long guide 

plate with circulating port stirring speed ratio is 1:1 (o~q), and short guide plate The characteristics 

of liquid phase flow pattern were compared and analyzed under six conditions of stirring aeration 

speed ratio 1:1 (r~t).The velocity distribution law, hydraulic dead zone distribution, vortex 

distribution, circulation formation and circulation stability of fluidized bed under various working 

conditions are analyzed. The velocity vector diagram, flow diagram and vortex intensity diagram of 

the quadrilateral biological fluidized bed under different working conditions are shown in Fig. 2 

respectively. Blank parts in the figure are fixed objects without fluidization, such as stirring shaft, 

guide plate and stirring blade. 

The characteristics of liquid phase flow in a biological fluidized bed with long guide plate were 

compared and analyzed under the conditions of no circulation outlet and stirring speed ratio of 1:1. 

According to figures (a) and (d), it can be clearly found that the liquid velocity vector near the agitator 

blade is large and concentrated, and the small velocity vector in the upper part forms a small part of 

hydraulic dead zone. On the contrary, due to the existence of circulation outlet in figure (d), the liquid 

velocity distribution in the device is uniform and the hydraulic dead zone is less. By comparing the 

two figures (a) and (d), it can be concluded that the circulation mouth can play a role in homogenizing 

the hydraulic shear, reducing the hydraulic dead zone and reducing the push flow formed by eddy 

currents. By comparing graphs (b) and (e) with graphs (c) and (f), it can be found that in figure (b), 

the vortex core is obvious and distributed near the blade of the agitator, while in figure (d), the number 

of vortex cores is small and evenly distributed, and no concentration of hydraulic shear force is 

formed. In combination with the vortex strength figure (c), the vortex strength is higher than that in 

figure (f), and it is concentrated around the stirring blade, indicating that the hydraulic shear force is 

large and concentrated around the blade. According to Wu Jing et al. [16], in the influence of 

hydraulic shear force on the start-up of anaerobic reactor, it was proposed that the sludge nucleation 

rate was the fastest under moderate hydraulic conditions, which was more conducive to sludge 

granulation to form a stable microbial community and thus improve the reaction efficiency. In 

conclusion, the circulation nozzle can reduce the concentration area of hydraulic shear in the 

biological fluidized bed, obtain uniform hydraulic distribution, appropriate hydraulic shear force and 

reduce hydraulic dead zone. Therefore, the circulation nozzle is more conducive to sludge nucleation 

and shorten the A2/O start-up period. 

Velocity vector diagram, flow diagram and vortex strength diagram are shown in Fig. 2(d~j) 

respectively under the conditions of stirring speed ratio of 1:1 and 1:2 in the long guide plate fluidized 

bed with circular orifice. The analysis method is the same as above, and it can be concluded that the 

velocity distribution in the 1:1 working condition is better than that in the 1:2 working condition, the 

vortex core is evenly distributed and the vortex intensity is uniform, and it is not easy to form the 

concentration of hydraulic shear force. According to Fig. 3(a), the axial velocity of the circulation 

outlet of the long guide plate is negative between 0 and 16mm at the lower circulation outlet under 

the working condition of 1:2, indicating that part of the fluid at the lower circulation outlet flows from 
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the right compartment to the left compartment. However, under the working condition of 1:1, the 

axial velocities at the upper and lower circulation outlets are opposite and both are on the same side 

of the X axis. It can be concluded that the circulation stability of 1:1 condition is better than that of 

1:2 condition. In the 2:3 working condition, the velocity vector distribution is uniform but disordered, 

the vortex intensity distribution is the most uniform, the hydraulic shear force is small, and there is a 

certain hydraulic dead zone in the lower left corner. It can be seen from Figure 3(a) that the upper 

and lower circulation orients can form a stable circulation. By comprehensive comparison of the three 

working conditions, it can be seen that the fluidized bed with circular orifice with long guide plate 

has more uniform hydraulic distribution and appropriate hydraulic shear force under the condition of 

stirring speed ratio of 1:1, which is conducive to the granulation of sludge and the formation of stable 

microbial community to improve the reaction efficiency. 

The liquid phase flow characteristics in a short guide plate fluidized bed with different stirring speed 

ratios were compared with those in a long guide plate fluidized bed. Due to space reasons, only the 

liquid phase flow characteristic atlas of the short-guide plate fluidized bed under the condition of 

stirring speed ratio of 1:1 are given below to illustrate, as shown in Fig. 2(k~m). It can be seen from 

the figure that the velocity vector distribution of the fluidized bed with short guide plate is better than 

that of the long guide plate when the stirring speed is 1:1, and there is no obvious vortex formation. 

The flow characteristics under the working conditions of 1:2 and 2:3 are similar to those of the long 

guide plate under the working conditions of 1:2 and 2:3, respectively. In both cases, the velocity 

vector of the right compartment is large and the velocity distribution is uneven. According to the flow 

diagram under the working condition of 1:2, vortex cores were formed at the upper part of the left 

compartment and the lower part of the right compartment. In the working condition of 2:3, larger 

vortex cores were formed near the top and bottom of the guide plate. However, according to the vortex 

intensity diagrams under the two working conditions, it can be concluded that no high-intensity vortex 

was formed. According to Fig. 3(b), it can be concluded that the short guide plate can form a 

circulation in three different agitation conditions. However, the axial velocity of the upper circulation 

outlet is positive in the range of 0-8mm under 2:3 working condition, indicating that part of the liquid 

flows from the left compartment to the right compartment, thus affecting the stability of the 

circulation and inconsistent with the original design intention. In summary, the liquid phase flow 

characteristics formed by the long and short guide plate fluidized bed under the same agitation 

condition are similar, and both present the suitable hydraulic distribution and hydraulic shear size 

which is more conducive to sludge granulation under the condition of 1:1. 

 

 

 

 

(a)              (b)             (c) 
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(d)          (e)           (f) 

 

(h)          (i)            (j) 

 

(k)          (l)            (m) 

 

(o)           (p)            (q) 
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(r)                  (s)                   (t) 

(a, d, h, k, o, r velocity vector diagram; b. e, i, l, p, s streamline diagram; c. f, j, m, q, t vortex 

intensity diagram) 

Figure 2. Liquid flow characteristics of fluid-bed under six different conditions 

 

 

(a) 

 

(b) 

(" x1:1 "represents 1:1 working condition of lower circulation port; "s1:1" represents the 1:1 

working condition at the upper circulation port; "aeration x" represents the agitation aeration 

condition of the lower circulation port, and so on) 

Figure 3. Variation trend of axial velocity of upper and lower circulation ports of long and short 

guide plates 
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Finally, the liquid phase flow characteristics of the long and short guide plate fluidized bed under the 

stirring speed ratio of 1:1 and aeration condition are compared and analyzed, and the velocity vector 

figures (o) and (r) of the two show that the velocity vector distribution of the short guide plate is better 

than that of the long guide plate, and it has a more appropriate hydraulic distribution. Combined with 

the flow charts and vortex intensity diagrams, it can be found that both of them form larger vortex 

cores. The long guide plate fluidized bed forms two larger negative vortices on the left wall of the 

right chamber, while the short guide plate fluidized bed forms one larger negative vortex with larger 

vortex intensity on the left wall of the right chamber. This is because the liquid flows from the left to 

the right at the circulation outlet under the short guide plate, and the stirring blade on the right 

compartment presses the liquid downward. The larger vortex formed by the collision of the two liquid 

streams is concentrated here. Fig. 3(a), (b) shows that only the long guide plate can form a circulation 

when the stirring speed ratio is 1:1 and the aeration condition is applied in the two kinds of guide 

plate fluidized bed. Therefore, the long guide plate should be used between the aerobic zone and the 

hypoxia zone. 

3.2 Flow rate of circulation port  

Flow of circulation outlet = average axial velocity (Uh) × cross-sectional area of circulation outlet (S). 

Loop flow under each working condition is shown in Fig. 4. 

 

 

Figure 4. Annular flow rate of long and short diversion plates under various working conditions 

 

It can be seen from the figure that, in each agitation condition, the ring flow at the upper circulation 

outlet is all negative (the negative sign indicates that liquid flows from the right chamber to the left 

chamber), and the flow at the lower circulation outlet is all positive, which can further explain the 

formation of circulation. Secondly, the design of the guide plate circulation outlet is mainly designed 

to replace the mixed liquid reflux system of the traditional integrated A2/O process device. According 

to the process and equipment manuals of water purification plants and sewage treatment plants [17], 

the A2/O mixed liquid reflux ratio is greater than 200%, and the flow rate of the circulation outlet 

can meet the mixed liquid reflux requirements under the stirred aeration condition. Short guide plate 

at the mixing aeration condition of the mouth of the circulation flow are positive, therefore unable to 

form the circulation, it is because the short guide plate is 70 mm from the bottom of the opening, and 

the mixing blade makes the liquid through the hole directly from the right side of the chamber into 

the left side, this is a short guide plate on the stirring condition on circulation flow rate were greater 

than the lower mouth of reason, The flow of the upper and lower circulation orients of the long guide 

plate is one positive and one negative, so the circulation can be formed. Therefore, the long guide 

plate should be used between the aerobic zone and the anoxic zone. Combined with the analysis of 
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flow characteristics in each working condition in Section 3.1, it can be concluded that the optimal 

mixing condition of the system is 1:1. 

4. Conclusion 

1) Analysis of fluidized bed under the same conditions have long guide plate without circulation flow 

characteristics, the results show that circulation mouth can reduce biological fluidized bed hydraulic 

shear concentrated area, obtain the uniform water distribution, suitable hydraulic shear force at the 

same time reduce the dead zone, thus circulation is more advantageous to the sludge nucleation, 

shorten the A2 / O start the cycle. 

2) Comparison between long and short guide plate fluidized bed under stirring speed ratio 1:1 and 

aeration conditions of liquid phase flow characteristics, the results show that only long circulation 

can be formed, guide plate between the aerobic zone and anoxic zone should use long guide plate, 

circulation flow rate is greater than the design flow back, up and down using mouth instead of mixture 

flow guide plate circulation system design approach is correct. 

3) According to the comprehensive analysis of the flow characteristics of the fluidized bed under the 

agitation condition, the optimal agitation condition of the system is 1:1. Under this condition, the 

fluidized bed can form a stable circulation with a more uniform hydraulic distribution and an 

appropriate hydraulic shear force, which is conducive to the granulation of sludge and the formation 

of a stable microbial community to improve the reaction efficiency. 
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