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ABSTRACT 

 A reactor clarifier is a crucial process that enhances the performance of the 

subsequent process overcome water scarcity. To get satisfaction in its performance, this 

study used computational fluid dynamics (CFD) as a robust and cost-efficient 

mathematical tool for simulating the flow field and concentration changes to investigate 

their influences on the effluent and sludge blanket in the various situations. We propose 

a set of models for comparison between the different flow models. Discrete phase model 

(DPM) is used to realize the particle trajectory. A defined viscosity function of the 

sludge blanket is also used to try to simulate more clearly the real site operation. The 

results show that the high concentration of sludge blanket is more stable and less 

susceptible to disturbance. The sludge blanket may accumulate inside the reaction hood 

with higher concentration. Based on the provided model, it can be successfully used as 

the design of the reaction hood. 

 

 

Keywords: Clarifier, computational fluid dynamics, water treatment, 3D simulation, 

water scarcity 
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1. Introduction 

Global water scarcity is facing enormous challenges. One of them is treating high 

turbidity water in the water plants. In Taiwan, this environmental issue frequently 

occurred during the rainy season. Due to the typhoons accompanied by heavy rain, the 

intake turbidity levels could increase from the daily load to very high level [1]. To deal 

with this sudden change of turbidity in water raw, the increase of flocculant in certain 

pH values is a common treatment method; however, it leads to additional chemical cost, 

increase sludge production and uncontrollable sludge blanket height. Besides, the 

conventional coagulation-clarification process requiring multiple tanks and pipework 

occupies a large area. This is not appropriate in Taiwan’s condition.  

A reactor clarifier combining two principal functions that are flocculation and 

clarification provides the most economical solution for treating turbidity [2]. This single 

basin facilitates the contact and mixing between chemicals and solids to form insoluble 

coagulated flocs and then sink toward the bottom of the clarifier; sludge blanket 

captures the impurities in the raw water. The clarified water rises to the surface outside 

the reaction well and is transferred to the filter unit. In addition, it could have a surface 

loading 2-3 times higher than the conventional treatment process.  

The sludge blanket is the core of the reaction clarifier and control conditions are 

particularly important [3-4]. The stability of the sludge blanket is controlled by the 

upward velocity and the settling velocity of the flocs [5-6]. To maintain the stability of 

the sludge blanket, the operational control must prevent sludge washout into the 

clarified water [7]. Thus, many studies have been attempted to comprehensively 

simulate the flow velocity and solids distribution in the clarifier. 

The solid flux theory and force balance have been extensively applied in the design 

and operation of full-scale settling tanks [8-9]. Takacs et al. studied a dynamic model of 

the clarification-thickening process based on one-dimensional mass balance and the 

solid flux concept to characterize the settling velocity of suspended solid under a variety 

of conditions [10]. However, the limitations of a one-dimensional ideal model are only 

required under the dynamic condition and unpredictable for effluent suspended solids 

[11]. DeClercq et al. proposed a latter one-dimensional clarifier model based on actual 

plant data. Although this model was not possible to predict the concentration at the 

surface, it could accurately describe the sludge profile and blanket height [12]. Instead 

of using a one-dimensional model, Wett used the solid flux theory to perform a 

three-layer (clarification, hindered settling, and compression zone) model to give an 

obvious description of sludge blanket variations [13]. Other related studies that simulate 

clarifiers in mathematical models [14-18].  
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To date, the multiphase flow studies have developed in the application of 

Computational Fluid Dynamics (CFD) [19,20]. 3D models that have seen steady growth 

in CFD are used to provide an accurate simulation of the clarifier [21-23]. Recent CFD 

models have provided new insight and better designs as a robust tool to many 

applications. [24-28] Goula et al. used CFD to assess the effect of the retrofitting a 

vertical baffle of a sedimentation tank to improve the solid settling [29]. Shahrokhi et al 

studied the effect of baffles on sedimentation tanks; from the CFD simulation result of 

kinetic energy and maximum velocity magnitude, uniform velocity vector inside the 

settling zone could indicate better sedimentation effect [30]. Tarpagkou and 

Pantokratoras employed CFD in order to describe the 3D hydrodynamics and flow 

behavior in a sedimentation tank [31]. Das et al. applied CFD to analyzing the 

ramifications of the clarifier geometry on performance. The CFD model was used to 

investigate the optimal modifications in order to improve the clarifier performance [32]. 

Morse extended an established 2D CFD clarifier model formulation into a 3D CFD 

model with additional changes including incorporation of a two-equation, turbulent 

production and dissipation rate model (k-), and a generalized velocity parameter, G, for 

use in the flocculation sub-model [33]. Gao and Stenstrom studied the main clarifier 

design factors by using a 3D model with input design parameters from several previous 

studies so that model outputs were compared to field data and results in the original 

studies [34]. In this work, three dimensional simulation of a clarifier is applied to obtain 

flow field and concentration changes and their influences on the effluent and sludge 

blanket were studied. Turbulent modeling was applied on all fluid simulated in the 

clarifier. Eulerian multiphase modeling was used to distinguish water and sludge blanket 

in the clarifier. Finally, discrete phase modeling was used to trace the particle in the 

clarifier. Based on the provided model, it can be used as the design of the reaction hood 

to improve the efficiency of the clarifier. 

 

2. Governing equations and boundary conditions 

The feature geometry of the clarifier is described in Figure 1. In this study, the 

model for the clarifier is rectangular with dimensions of 19 m, 19 m, and 5.5 m. The 

internal structure includes a conical hollow with the upper and lower diameters of 8 and 

13 m, the inner space is the second reaction chamber. The draft tube with a diameter of 

2.4 m and a height of 3.7 m is known as the reaction well. This is also the first reaction 

chamber; the inlet pipe with a diameter of 0.9 m and the length of 8.3 m is connected to 

the draft tube. The impeller has a diameter of 3.2 m with 16 blades in the top center of 

the clarifier. The boundary condition is no-slip wall condition. 
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Figure 1. Geometry of the reaction clarifier 

 

2.1 k- turbulent modeling 

This model solves the conservation of turbulent kinetic energy k: 

      (1) 

and its dissipation rate ε 

    (2) 

Where  represents the generation of turbulence kinetic energy due to the mean 

velocity gradients;  ,  are the constants; ,  are the turbulent Prandtl 

numbers for k and ;  is mixture density;  is mixture velocity. 

 

2.2 Eulerian Multiphase Model 

2.2.1 Volume fraction 

It represents the space occupied by each phase in the fluid and conforms to the law 

of conservation of mass and momentum. The volume of any phase is defined as: 

                       (3) 

where . The effective density for any phase is: 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/kinetic-energy
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dissipation
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               (4) 

where q is the physical density of the phase q. 

 

2.2.2 Conservation equation 

With mass conservation, the continuous equation can be written as: 

             (5) 

where  is the velocity of the liquid phase l. 

Under momentum conservation, the momentum balance of the liquid phase is as 

follows: 

                                               (6) 

where  The stress-strain tensor for the liquid phase  is expressed as follows: 

        (7) 

where  and  are the shear and bulk viscosity of water phase.  is the acceleration 

due to gravity.  is the interphase velocity, defined as follows. If,  ; if 

 , .  is the force acting from phase to phase, and depends on 

friction, pressure, cohesion and other effects, and follows the conditions of  

and  , which are expressed as follows: 

             (8) 

where  is the phase-to-phase momentum exchange coefficient. 

The volume fraction of each phase in the fluid is expressed as follows: 

      (9) 

where  is the reference density or the volume average density in the solution range. 

A multi-fluid granular model is used to describe the liquid-solid mixing behavior. 

The momentum equation for the solid phase is as follows: 

                                        (10) 
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Where  is solids pressure,  is the momentum exchange coefficient between 

liquid phase  and solid phase  ,  is solid pressure that is composed of the 

kinetic energy term and the collision of the second phase particles.  

 

2.3 Discrete Phase Models 

2.3.1 Equations of Motion for Particle 

The particle's force balance equation is as follows: 

         (11) 

Among them, 

is gravity effect, is the drag of the particle,  , 

where  is the fluid velocity,  the particle velocity,  is the molecular viscosity of 

the fluid,  is the fluid density,  is the density of the particle,  is the particle 

diameter. 

is the relative Reynolds number, which is defined as follows: 

                   (12) 

 is the drag force coefficient.  

For grain size ranging from 1 to 10 µm, the Stokes' drag force formula is used,  

which is defined as follows: 

                 (13) 

 is the correction factor for the Stokes' drag force formula, defined as follows: 

    

 is the mean free path of the molecule. 

 

2.4 User Defined Function   

This study uses the material property (DEFINE_PROPERTY) to perform the 

material property calculation on the grid of the specified area. The custom viscosity 

formula is Casson equation, and its equation is as follows: 

                (14) 
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Where  is shear rate,  is Casson yield stress parameter. 

 

3. Results and Discussion 

This study uses the Fluent software simulation for the following control conditions 

to reflect the flow field analysis, concentration change of raw water, and sludge blanket 

in the clarification tank. The symbols are listed in Table 1. It also proposes a set of 

models for comparison with multiphase turbulent flow models. 

 

Table 1. Codes of various control conditions 

Symbol Initial blanket solid volume 

fraction (-) 

Blade rotation rate 

(rad/s) 

Initial blanket 

height (m) 

OG C=0.05 R=0.9 rad/s Z=2 m 

C01 C=0.1 R=0.9 rad/s Z=2 m 

C0005 C=0.005 R=0.9 rad/s Z=2 m 

R03 C=0.05 R=0.3 rad/s Z=2 m 

R01 C=0.05 R=0.1 rad/s Z=2 m 

Z3 C=0.05 R=0.9 rad/s Z=3 m 

Z1 C=0.05 R=0.9 rad/s Z=1 m 

Z3R03 C=0.05 R=0.3 rad/s Z=3 m 

 

3.1 Flow field analysis of reaction clarifier in the initial operating 

conditions. 

Inlet water flowing into the draft tube is separated into two mobile phases: One is 

the water phase, the other one is the solid phase. The initial operating conditions of the 

reaction clarifier (referred to as OG) are illustrated in Figure 2. The contour of the 

volume fraction of solids on a cross-section of the plane y = 0 is divided into 21 color 

scales. At the time t = 0, the inlet water has a solid volume fraction of 0.05, a flow rate 

of 0.3 m/s. A rotation speed of the impeller is 0.9 rad/s according to real site operations. 

At the tank bottom, the sludge blanket shown in the red color is about 2 m with a solid 

volume fraction of 0.5. The area between water and sludge blanket represented by 

green-yellow is the solid-liquid interface.  

Figure 2 is the changes in solid volume fraction over time for OG on the plane y = 

0. As the rotation of the impeller, strong mixing may bring bottom settled particles back 

to the surface and disturb the stability of fluid inside the clarifier. It can be seen from 

the figure that there is one inward rotating vortex in the left reaction hood and one at the 

bottom of the right reaction hood.  
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Figure 2. The change of solid volume fraction over time for OG on the plane y = 0. 
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3.2 Influence of different inlet water concentration on effluent quality 

and sludge blank 

There are two different inlet water concentrations that are studied: c = 0.1 (referred 

to as C01) and c = 0.005 (referred to as C0005).  

Figure 3 and 4 displays the contour of solid volume fraction when inlet water 

concentration is 0.1 and 0.005, respectively. As shown in Figure 2, the reaction hood 

can properly contain the flocs inside it. 

 

 

Figure 3. The change of solid volume fraction with time for C=0.1 on the plane y = 0. 
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Figure 4. The change of solid volume fraction over time for C=0.005 on the plane y = 0 
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There are built-in modes that integrate the total volume of the solid phase. Figure 5 

shows the trend of the average volume fraction of solids in the effluent. From t = 60 s to 

t = 1800 s (OG), the solid volume fraction of the effluent is nearly flat at about 0.05. 

From t = 1800 s to t = 2400 s, it begins to rise slightly because of the formation of flocs 

in the clarifier. After t = 2400 s, the trend graph surges dramatically from 0.052 to 0.086, 

showing that the water quality declined slightly within 1200 s. 

From t = 60 s to t = 1800 s (C01), the quality of the effluent remains stable at about 

0.101; however, it begins to rise slightly to 0.103 from t = 1800 s to 2400 s. The main 

cause of the increase is that the solid-liquid interface below the effluent surface has 

expanded significantly and the clarification tank is full of sludge particles over time. 

After t = 2400 s, the trend goes up considerably, the solid volume fraction increases 

from 0.103 to 0.135. When the inlet water concentrations is c = 0.005, the effluent 

increases dramatically from 0.005 to 0.11 after 2400 s. 

 

 

Figure 5. The trend of the average volume fraction of solids in the effluent (C= 0.1) 

 

3.3 Impact of different impeller speeds on water quality and sludge 

blanket 

In this case, to predict the influence of the impeller rotational speed on water 

quality and sludge blanket, there are two changes in the impeller speed: 0.1 rad/s 

(referred to as R01) and 0.3 rad/s (referred to as R03). Figure 6 and 7 show the solid 

volume fraction of the impeller rotating speed at 0.1 and 0.3 rad/s as a function of time. 

Due to the decrease of the impeller speed to 0.1 rad/s (Fig. 6), from t = 60 to t = 600 s, 
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there is still no obvious disturbance and the height and structure of the sludge blanket 

have not changed markedly. Between t = 1200 s and t = 2400 s, the second reaction 

chamber begins to be filled with flocs and the sludge blanket begins to loosen. From t = 

3000 s to t = 3600 s, the solid-liquid interface is almost disappeared and the sludge 

blanket in the clarification tank stably maintains a complete structure.  

 

 

Figure 6. The change of solid volume fraction over time for R01 on the plane y = 0 
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Figure 7 shows the change in solid volume fraction with time of the impeller 

rotating speed of 0.3 rad/s. As displayed in this figure, the quality of effluent is lower 

than the modification of the impeller speed R01. The quality of the effluent declines by 

0.01. 

 

 

Figure 7. The change of solid volume fraction over time for R03 on the plane y = 0
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Figure 8 shows the trend of the average volume fraction of solids in the effluent. 

From t = 60 s to t = 2400 s, the quality of effluent is stably maintained at about 0.05. 

After t = 2400 s, the trend rises sharply, and the solid volume fraction rises from 0.05 to 

0.11, showing that the water quality has declined significantly within 1200 s. 

 

Figure 8. Trend of average volume fraction of solids in the effluent of R01 

 

Compared with Zhang et al. [2], it is equivalent to 200 m particles trapped in its 

cone-plate clarifier, resulting in about 80% SS removal. 

 

3.4 Influence of the height of the sludge blanket on the quality of the 

water and the sludge blanket 

To explore different sludge blanket heights and compare them with the flow field 

of OG (sludge blanket height of z = 2 m), hereafter shows the results of z = 1 m 

(referred to as Z1) and z = 3 m (referred to as Z3), with the same other operating 

conditions.  

Figure 9 shows the trend of the average volume fraction of solids in the effluent. 

From t = 60 s to t = 1800 s, the quality remains stable at about 0.051. When t = 2400 s, 

the solid volume fraction rises to 0.08 (OG). From t = 2400 s to t = 3600 s, the solid 

volume fraction goes up from 0.082 to 0.22 within 1200 s (Z3). From t = 60 s to t = 

2400 s, the quality of the effluent is stably maintained at about 0.051. From t = 2400 s 

to t = 3600 s, the solid volume fraction rises from 0.051 to 0.0601. The effluent quality 

decreases slightly by 0.0091 within 1200 s (Z1).  

At 1800 s, solid volume fraction 0.05 is about 6.6 mg/L for 100 m particle 

(=1050 kg/m3). Compare with Kolpakova et al. [3], their data is 2.5 mg/L. The reason 
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why our data is 2.6 times higher is that the clarifier is a hydrodynamic type. Theirs is a 

gravity type. 

 

 

Figure 9. The trend of volume fractions with different sludge blanket heights 

 

Figure 10 also depicts a comparison of the solid volume fractions of Z3R03 and Z3 

on the z = 2 plane at t = 600 s and t = 2400 s. From Fig. 10, it can be seen that the 

quality of Z3 effluent after t = 1800 s decays faster than Z3R03. Because of the 

slowness of impeller rotating speed in Z3R03, it leads to the sludge blanket to rising 

less than Z3, thus the effluent quality declines slowly. 

 

 

Figure 10. A comparison of Z3R03 and Z3 solid volume fractions at 600 and 2400 s 
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3.5 Using Discrete Phase Model to Estimate Particle Direction in Flow 

Field 

The Discrete Phase Model (DPM) is used of injecting a few particles into an OG 

flow field, and observing its running trajectory to learn the conditions that the third 

phase particles may suffer in the process of walking in the flow field. In this study, 24 

particles were injected into the OG flow field, with t = 3600 s and the injection position 

is the same as the position where the raw water entered the clarifier. Figure 11 shows 

the total time to be taken by the 21 pellets from feeding to the end of the operation. The 

minimum value is 2955 s, the maximum value is 19650 s, and the average of the overall 

time is 5557.81 s. Figure 11 is the overall time required for a single particle to orbit a 

flow field. One of the methods for maintaining flocs in the reaction hood is a time 

extension to improve the filtering effect of the reaction clarifier, because the longer the 

time is, the more flocs can be captured by the sludge blanket. 

 

Figure 11. Overall time required for a single particle to orbit a flow field. 

 

Figure 12 shows the time taken for the 21 particles to flow from the feed tube to 

the reaction hood in the flow field. The minimum value of the particles is 70 s, the 

maximum time is 1550 s, and the average time is 276 s. Figure 13 is the trajectory of 

the particles from the feeding tube into the bypass flow field and then leave the reaction 

hood. From these trajectory charts, it can be observed that all the particles leave the 

reaction hood from the right half of the reaction hood that results in the unbalance of the 

amount of particles in and out of the reaction hood. The time the particles spend in the 

reaction hood is very short, on average 251 s. Therefore, it is desired to change the 

geometry of the reaction hood to improve the position where the particles leave the 

reaction hood and extend the time that the particles are inside the reaction hood. 
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Figure 12. Time required for a single particle to leave the hood 
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Figure 13. Single trajectory of each particle. 
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3.6 Effect of changing the geometry of the reaction hood on the particle 

flow direction 

In order to prevent the particles from leaking out of the right side of the reaction hood 

first, a half of the right side is extended 70 cm downward in a vertical direction. There is no 

change in the operating condition. Figure 14 is the change of solid volume fraction of the new 

reaction hood (referred to as NRW) over time. Figure 15 shows a comparison of the solid 

volume fractions of OG and NRW on the y = 0 plane at t = 600 s and t = 2400 s. At t = 600 s, 

OG has a green and orange distribution with a concentration of about 0.279 to 0.4 in the 

reaction chamber and sludge blanket, while NRW has a light green and yellow distribution 

with a concentration of about 0.279 to 0.381. Both effluent qualities were maintained at 0.05 

to 0.076. 

At t = 2400 s, the reaction chamber and sludge blanket of OG shows orange and 

orange-red with a concentration of 0.245 to 0.291 with unchanged solid-liquid interface. 

NRW presents a light orange and orange distribution with a concentration of about 0.245 to 

0.276 without the solid-liquid interface.  

 

Figure 14. Change of solid volume fraction with time for NRW at plane y = 0 
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Figure 15. A comparison of solid volume fractions between OG and NRW at t = 600 and 

2400 s 

 

 

3.7 Viscosity formula to simulate flow field in reaction clarifier 

A user-defined function (UDF) is used to define the sludge blanket viscosity formula. 

The Casson formula (referred to as UDFMU) is used in the study to simulate the flow field of 

the reaction clarifier. Figure 16 shows the solid volume fraction of OG and UDFMU as a 

function of time. At t = 300 s, the second reaction chamber is filled with a mixture of flocs 

and water, and the solid volume fraction of the reaction chamber is maintained at about 0.15 

to 0.28. When t = 600 s, the high-concentration sludge blanket underneath is washed away, 

and the solid volume fraction of the sludge blanket is about 0.28 to 0.5. Between t = 900 s and 

t = 1200 s, the second reaction chamber changes from yellow to orange-red, with a medium to 

high concentration of about 0.27 to 0.32, and the thickness of the sludge blanket also reaches 

a half of the reaction hood. From Figure 16, it is found that the difference between OG and 

UDFMU is negligible. Therefore, the calculation of the viscosity formula is influenced by 

other parameters that affect the overall calculation results. 
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Figure 16. The change of solid volume fraction for OG and UDFMU with time 
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4. Conclusion 

In this study, CFD model has been developed to simulate the flow field analysis and 

concentration changes in the reactor clarifier with the complex geometries for various 

situations. The collected results indicated the followings: 

- In turbulent flow mode, the sludge blanket with high influent concentration rises rapidly. 

The effluent quality with a high influent concentration decays slowly. 

- Among three speed of impeller (rad/s): 0.9 (OG), 0.3 (R03), and 0.1 rad/s (R01), the higher 

the speed, the larger the amount of sludge blanket at the bottom of the reaction hood that can 

be driven and the faster it turns.  

- The higher the height of the sludge blanket, the faster the sludge blanket rises. The decline 

rate and quality of the effluent quality also depend on the height of the sludge blanket. 

- The results of Z3 and Z3R03 shows that the sludge blanket height condition is the main key 

with more effect on the effluent, compared to impeller speed condition. Therefore, it is 

recommended that the water treatment plant should consider the initial height setting of 

sludge blanket. 

- In the discrete phase mode, it is found that the particles of the third phase become slower 

when passing through the sludge blanket, which indicates that the sludge blanket may grab 

particles. 

- The modification of the reaction hood geometry shows that uneven particle flowing on both 

sides of the reaction hood is improved. 
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