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Abstract 

The paper outlines a protocol for comprehensive evaluation of mixing devices for activated sludge 

tanks using field testing for calibration of computational fluid dynamic (CFD) modelling to 

compare the impacts of tank and mixing device geometry on mixing and energy efficiency. The 
protocol includes a CFD model for activated sludge solids settling and transport which captures 

the influence of solids concentration gradients on fluid motion. This element of the protocol is 

unique in that almost all analyses completed to date for activated sludge biokinetic modelling or 

mixing have assumed either 1) complete mixing or 2) neutral density CFD neglecting the true 

muliphase conditions. To date, the protocol has been applied to several types of mixing devices 

including jet aeration and mixing, horizontal shaft propeller mixers, and diffused aeration. Field 

testing of several other types of mixing devices has also been accomplished. The protocol is 

recommended to optimize design and application of mixing devices for activated sludge service in 

aerated, anoxic, and anaerobic tanks as part of biological treatment processes. The approach can be 

extended to incorporate biokinetic models that more accurately predict the impact of tank 

geometry and mixer configuration on treatment efficiency than can be achieved assuming 

complete mixing or neutral density CFD. 
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INTRODUCTION 

With increasing recognition of the importance of nitrogen and phosphorus removal from 

wastewater discharges and recognizing the proven economy of biological treatment processes for 

nutrient removal, the wastewater treatment industry has seen an increase in the use of un-aerated 

tanks for anoxic uptake of nitrate and anaerobic tanks to facilitate phosphorus removal from 

wastewater effluents. Anaerobic tanks are also increasingly used to improve activated sludge 

settleability. In order to facilitate these treatment goals, biological treatment tanks with significant 

concentrations of suspended solids must be mechanically mixed. With this increasing importance of 

mixing in standard biological treatment processes, optimization of tank geometry and mixer 

configuration becomes more important. We want the most efficient mixing in two senses: 1) we 

want near uniform distribution of suspended solids across our treatment tanks and 2) we want to use 

tank geometries and mixer configurations that minimize consumption of energy. It is towards this 

optimization of mixing and energy efficiency that the proposed protocol aims.  

 

PROTOCOL APPROACH 

The elements of the proposed protocol include the following: 

 Field testing for comparison with CFD results 

 Development of CFD models for the conditions of the field test 

 Calibration of the CFD models 

 Development of CFD models for alternate basin geometry and mixer type and configuration 

and comparison of CFD results from alternative geometries and mixing devices in terms of 

mixing and energy efficiency 
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Field Testing 

Field tests used by the authors to date have included: 1) solids profiles, 2) velocity profiles, 3) flow 

pattern distribution tests, and 4) residence time distribution dye tests. In the current paper only 

solids profiles will be discussed. 

Solids profile tests are arguably the most important data for evaluation of mixers for activated 

sludge service. In suspended growth wastewater applications a uniform distribution of solids 

concentrations at the lowest power level is the primary goal. Solids profile tests can be implemented 

in the field in a number of ways. Solids samples can be withdrawn by Kemmerer samplers or by a 

series of sample pumps using the techniques developed by Robert Crosby (Bender and Crosby, 

1980) or by solids probes. In the Crosby technique a grid of approximately 25 samples are 

withdrawn across the tank width and depth at locations chosen to illustrate mixer influence. The 

samples are then analyzed for suspended solids content (Standard Methods 2540D.) For 

measurements discussed below we used an Insite Instrumentation Group Model 3150 probe. 

Detailed TSS measurements for four vertical shaft mixers have been conducted by Carollo 

Engineers for the Orange County Utilities’ (OCU) South Water Reclamation Facility (SWRF) in 

Orlando, Florida. A cross sectional grid of 25 data points were measured for each mixer. Three 

hydrofoil mixers from different manufacturers were compared to a hyperboloid mixer. Hydrofoil I 

had three flat impellers each with a downward bending trailing edge. Hydrofoil II had three curving 

impeller blades of relatively large diameter. Hydrofoil III was constructed of a single flat plate with 

three downward folding projections. These impellers all produce a downward pumping action 

through the impeller. The Hyperboloid I mixer also produced a downward pumping action using a 

series of upwardly projecting shallow ridges of hyperboloid shape. Measurements were taken over 

the course of a one-hour period on different days for each mixer. The deviation of the measured 

concentration from the average concentration across the entire section was then calculated. This 

deviation may be considered the coefficient of variation (CoV) of the sample data for each mixer.  

Contour plots of the measured concentration data for two of the hydrofoil mixers are presented in 

Figure 1. The contour plots indicate an asymmetry across the tank. This asymmetry is thought to 

have been caused by upstream conditions in the racetrack tank. The three hydrofoils were all 

arranged on their vertical shafts at approximately one third depths in the tanks. The one hyperboloid 

mixer was nearer to the bottom of the reactor tank. The contour data for this mixer (not shown) 

indicated relatively uniform concentrations across the tank, but significantly higher concentrations 

in the tank bottom. 

Carollo Engineers also conducted limited field tests of jet mixing and aeration of an operating 

sequencing batch reactor (SBR) at the Blacks Ford Regional Water Reclamation Facility 

(BFRWRF) of the JEA Utility in Jacksonville, Florida. The tests (Samstag et al., 2012) were 

conducted to establish solids concentration profiles under normal operating conditions for use in 

calibrating CFD modelling. Solids concentration measurements were taken at multiple depths at 

two locations at the edge of the operating SBR using a calibrated optical solids measurement probe. 

Mixed liquor suspended solids (MLSS) measurements were made during mixed cycles with both air 

and pumping operational and during pumping-only mix cycles.  
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Figure 1. Solids profiles for two vertical shaft mixers. 

Development of CFD models for the conditions of the field test 

The first step in development of a calibrated CFD model is to produce a geometric and 

computational mesh of the field-tested reactor. Modern tools for CFD allow construction of 

extremely detailed models of complex geometries and optimized computational meshes. The 

authors have ANSYS GAMBIT, Version 2.4.6 for both modeling and meshing for the case studies 

referenced here. 

Figure 2 presents an illustration of the three-dimensional geometric model and a projection of the 

computational mesh prepared for the BFRWRF SBR tanks for CFD analysis. The model shows the 

three jet headers, the main header pump intake, the auxiliary header pumps and intakes, and the 

effluent decanters. The effluent decanters were not required for the flow simulation, but were 

included to simulate the fluid environment. The polyhedral computational mesh of approximately 

one million cells is shown projected onto model surfaces. 

 

Figure 2. SBR Tank Geometric Model and Computational Mesh. 

 

Calibration of the CFD models 

Modern CFD models can be used without calibration. The physics of CFD have been verified 

within the tolerance of most field measurements many times before. A possible exception is in the 

area of turbulence estimation. It is widely believed that the k-epsilon turbulence model is 
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appropriate for the types of recirculating flows commonly seen in activated sludge sedimentation 

tanks, but calibration is more important where the CFD is used as a base for solids transport or 

biokinetic models, since many of the empirical parameters used in these models are much less well 

established than the physical parameters applicable to fluid flow. Calibration techniques have 

included solids settling rate testing, solids profile matching, and clarifier sludge blanket matching 

during dynamic flows. See Griborio et al. (2008), Wicklein and Samstag (2009), Samstag and 

Griborio (2010), and Samstag et al. (2010). For this protocol we demonstrate the use of one of the 

most useful techniques, solids profile matching. The authors used Fluent Version 13 on a 

computing platform of 64-bit workstations with multiple CPU cores running a 64-bit Windows XP 

operating system. 

Figure 3 presents contour plots of CFD simulations of dynamic solids profiles for the BFRWRF 

under conditions of normal operation with aeration on and with only the recirculation pumps on. 

The simulation of the aerated condition produced a good match to the fully mixed condition seen in 

the field tests. The solids profile match for simulation of pumped mixing after aeration had been 

turned off for 25 minutes confirmed the development of relatively clear water in the top of the tank 

that was seen in the field tests. See Samstag et al., 2012. 

 

Figure 3. Solids profiles of CFD results with (left) and without (right) aeration. 

These simulations were conducted using a user defined function (UDF) for solids settling and 

transport with coupling of the influence of solids gradients on the density profile and fluid flow. 

Hindered settling velocities were calculated based on a sludge volume index (SVI) of 150 mL/g, using 

the revised Daigger equation (Daigger, 1995). Further details are presented in Samstag et al. (2012). 

The work did not include velocity profiling of the SBR tanks. This provides another opportunity for 

calibration. Calibration of velocity fields has been accomplished in sedimentation tanks. The early 

work of Larsen (1977) is compared to CFD in Wicklein and Samstag (2009). Samstag et al (2010) 

compares drogue velocity measurements to CFD model results.  

Figure 4 presents the predicted velocity profile for the SBR tanks at the BFRWRF from the CFD 

model. With the aeration on, higher velocities penetrate to the upper reaches of the tank resulting in 

complete solids mixing. With aeration turned off very high velocities at the exit from the mixing 

jets dissipate rapidly in the tank leaving velocities less than 0.1 m/s in most of the tank. 
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Figure 4. Velocity profiles for air mixing (left) and pumped mixing (right).  

The importance of including density coupling in the CFD simulation is illustrated in Figure 5. The 

figure compares the results from simulation of 25 minutes of pumped mixing in the SBR tanks after 

turning off aeration with the density couple active (left side) to a neutral density simulation where 

the effect of concentration gradients on the density field was turned off (right side). Without 

including the density couple, the CFD simulation predicts relatively complete mixing for the 

pumped mix condition. This result is unrealistic based on the field tests. Since neutral density CFD 

simulation of mixing is common in the industry, this is a significant finding. 

 

 
Figure 5. Comparison of solids profiles from density-coupled and neutral density models 

CFD Model Alternatives 

After calibration of the CFD model to conditions of operation in the field, the CFD model can be 

used to consider alternative configurations to improve operation. For the BFRWRF project, for 

example, a series of alternatives were considered in which the jet velocity was increased in an effort 

to improve solids mixing during the pumped mix cycle. CFD simulations were developed for four 

different jet velocities from 2.5 m/sec to 4.0 m/sec. The simulations indicated that increasing the 

velocity to 3.0 m/sec would reduce solids deposition in the tank after 25 minutes of pumped mixing 
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after aeration is turned off, but that increasing the jet velocity to 4.0 m/sec would be required to 

achieve a CoV for solids concentration less than 10 percent. Power requirements for this increase in 

mixing intensity would triple the installed power for this facility. These results showed that the 

original design was significantly inadequate to meet a specification of CoV less than 10 percent. 

In another project Carollo investigated the efficiency of solids mixing in the plug flow racetrack 

tank. Two different mixers were investigated using an un-calibrated CFD model incorporating 

density-coupled solids settling and transport. This project also included a two-fluid model of the 

aerated zone in a side-sloped reactor.  

Table 1 presents summary date for mixing efficiency derived from the field tests and calibrated and 

un-calibrated CFD simulations discussed above for: 

 Pumped jet mixing 

 Vertical hydrofoil mixers 

 Vertical hyperboloid mixers 

 Horizontal propeller mixers 

The data indicate that the hydrofoil, hyperboloid, and horizontal propeller mixers have the potential 

for much greater power efficiency than pumped mixing. The equivalent power required for these 

mixers for a CoV of 10 percent varied in the range of 1.4 to 8.5 W/m3. These values are almost an 

order of magnitude greater than for pumped jet mixing.  

CONCLUSIONS 

A protocol has been developed for comparisons of the efficiency of activated sludge mixing 

systems using field-calibrated CFD models. A crucial difference in this protocol from previous 

work is to incorporate the effects of solids settling and transport on fluid motion. Elements of the 

protocol have been applied to jet aeration and mixing, vertical shaft hydrofoil and hyperboloid 

mixers, horizontal propeller mixers, and diffused aeration. We propose this protocol as a 

comprehensive approach to optimizing activated sludge mixing and urge its adoption in future 

studies. 
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Table 1. Comparison of required volumetric power input for different mixer types. 

Type of 

Mixing Reference Basis of Test CoV 

Power Level 

(W/m
3
) 

Equivalent 10% 

CoV Power Level 

(W/m3) 

Pumped jet Samstag et al. (2012) 2.5 m/sec jet CFD 50.0% 7.7 38.5 

Pumped jet Samstag et al. (2012) 3.0 m/sec jet CFD 40.0% 13.0 52.0 

Pumped jet Samstag et al. (2012) 3.5 m/sec jet CFD 12.0% 20.7 24.8 

Pumped jet Samstag et al. (2012) 4.0 m/sec jet CFD 9.0% 30.8 27.7 

Vertical 

Hydrofoil I OCU Field test 3.7% 7.9 2.9 

Vertical 

Hydrofoil II OCU Field test 9.2% 1.4 1.3 

Vertivcal 

Hydrofoil III OCU Field test 5.5% 7.5 4.1 

Vertical 

Hyperboloid I OCU Field test 7.5% 5.3 4.0 

Vertical 

Hyperboloid  Oton et al. (2009) Field test 11.0% 4.0 4.4 

Vertical 

Hyperboloid w/ 

MLR Wicklein et al. (2013) CFD Simulation 2.1% 6.8 1.4 

Horizontal 

propeller 

(initial) Wicklein et al. (2013) CFD Simulation 10.3% 8.3 8.5 

Horizontal 

propeller (final) Wicklein et al. (2013) CFD Simulation 5.4% 7.7 4.2 

Horizontal 

propeller w/ 

MLR Wicklein et al. (2013) CFD Simulation 1.9% 13.0 2.5 
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