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Abstract 

Hydraulic residence time is a crucial parameter of any wastewater treatment tank 
planning, operation and optimisation. Calculation of the residence time 
distribution at every point within the tank gives information about the dead-
zones and short circuits and well-operating zones. Using the advective-diffusive 
transport equation supplemented with a scalar source term local mean age 
(LMA) can be detected if the flow field is given. Combining LMA with a tracer 
study the exact residence time can be determined. This method supports problem 
detection in a small wastewater treatment plant (2 dead zones and one short-
circuiting path were detected) and also gave us better understanding of the 
operation of settling tanks. 
Keywords:  CFD, LMA, residence time, settling tank design. 

1 Introduction 

Computational fluid dynamics (CFD) in wastewater treatment processes has a 
significant role in recent years. Several studies demonstrate that CFD is an 
effective tool in design (Greenfield [8]), optimization (Bratchley et al. [3]) and 
operation (Brouckaert and Buckley [4]) Furthermore CFD studies revealed that 
with an extensive knowledge of fluid flow not only the hydraulic performance of 
e.g. an oxidation ditch could be improved (Yang et al. [17]) but we could have a 
closer look into the biological processes, too (Bartrand et al. [2]) For a few 
decades researchers used to focus only on the biology and chemistry in 
wastewater treatment, and hydraulics was mostly neglected.  
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     According to ATV-A131 standard [1] the settling tanks have been handled by 
black box model, of which key parameter is hydraulic residence time. Most cases 
use a constant residence time – despite the fact that there is a distribution of 
residence time – calculated by t =V/Q, where V is the volume of the settling tank 
in m3 and Q is the influent wastewater volume flux in m3/s.   
     Residence time distribution (RTD) can be calculated using tracer study both 
experimentally and numerically (Gentric [7]). The field measurement based on 
the idea that a certain amount of LiCl is emitted to the wastewater tank and the 
concentration as the response function was measured as the function of time at 
the outlet. LiCl is a conservative material that never constituent of raw 
wastewater. The measured concentration data show how fast the particles go 
through the system, therefore this is useful in determining whether there are short 
–circuits or dead-zones and gives information how the wastewater tanks operate. 
If we know the flow, velocity and pressure fields, furthermore turbulence 
parameters, the tracer study can also be carried out numerically. If the tracer is 
injected at a short time interval, small concentrations will appear at the outflow 
where the rounding error’s order of magnitude is close to the detected 
concentration. Eliminating this uncertainty the tracer is emitted to the inflow 
continuously and the response function is a cumulative function of concentration, 
which shows how fast the original fluid replaced by the tracer.  
     Numerical hydrodynamics should be completed with multiphase modelling in 
order to describe the behaviour of wastewater (and components) in the treatment 
process. Many efforts have been made, generally using particle tracking method 
(Saul and Stevin [14]), but when there is a strong coupling between fluid flow 
and the secondary phase, Eulerian-Eulerian multiphase model is more suitable 
(Ta et al. [16]).   
     Other approach to detect the spatial distribution of the fluid particles’ age is 
the Local Mean Age (LMA) theory. LMA is used basically in ventilation 
techniques to describe mixing phenomenon of the air (Simons et al. [15]), but 
this method can be applied to water flow, too. Using the convection-diffusion 
scalar transport equation with zero-order kinetics the mean age of water can be 
calculated at each point in the tank and the computation time is less than in the 
RTD method. Furthermore, with LMA method reveal the problematic zones in 
the wastewater tanks and the geometry could be reconstruct or new boundary 
conditions could be set.  
     The theory section describes the mathematical background of this study. The 
results section presents a case study, where RTD and LMA methods were 
applied in a small wastewater plant in Sarisap, Hungary. 

2  Theory of numerical methods  

For the description of the fluid flow the conservation equations for mass and for 
the momentum has to be solved (Foias et al. [9]). 
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     Conservation of mass 
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     Conservation of momentum 
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where p  is the static pressure, g
 is gravitational body force, F


is external 

body force and   is stress tensor, what can be written in form of: 
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where μ is molecular viscosity and I is the unit tensor.  
     Closure for the partial differential equation system is the k-ε turbulence 
model, where one equation is solved for the turbulence kinetic energy (k), see in 
eqn (4) and one for the turbulent dissipation (ε), see in eqn (5). This model 
assumes isotropic turbulence (Launder and Spalding [12]). 
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where Gk is generation of the turbulent kinetic energy due to the mean velocity 
tensor and calculated as: 
  

 2SG tk   (6) 

 
S is the deformation tensor  
 

 
ij

SSS ij2  (7) 

Computational Methods in Multiphase Flow VI  119

 
 www.witpress.com, ISSN 1743-35  (on-line) 
WIT Transactions on Engineering Sciences, Vol 70, © 2011 WIT Press

33



μt is the eddy viscosity 
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     Here Cμ is a function of the mean strain and rotation rates, the angular 
velocity of the system rotation and the turbulence fields. Gb is generation of 
turbulent kinetic energy due to the buoyancy. Model constants are: 
 

C1ε=1.44, C2ε=1.9, σk=1, σε=1.2 
 
     For the LMA calculation an additional convection–diffusion scalar transport 
equation needs to be solved: 
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where ρ is the fluid density, φ is the local mean age of the fluid v is the fluid 
velocity, Γ is the diffusion coefficient, S is the source term of the scalar. S is 
taken as equal to 1 and for the diffusion term in turbulent flows: 
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where μeff is the turbulent viscosity and σSC is the Schmidt number. In the 
simulation it has a constant value of 0.7.  
     Assuming steady state condition eqn (9) can be simplified as: 
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     The boundary condition for eqn (11) is a zero value at the inlet and a zero 
gradient at the outflow boundary (Chanteloup and Mirade [6]). 
     For describing the different phases’ behaviour Fluent Mixture model [10] was 
used. Continuity equation takes into account a mass averaged velocity, 
momentum equation sums up the individual momentum for all phases and a 
volume fraction as a scalar variable is introduced which can be calculated by 
dividing the secondary phase volume in respect with the total volume. Mixture 
model uses a so-called slip velocity, which is the velocity difference between the 
secondary and primary phase (Manninen et al. [13]). 
     The above mentioned equations – eqns. (1), (2), (4), (5), (11) and multiphase 
model – should be discretized and solved on a predefined mesh. For that second 
order discretisation scheme was used on all equations to reduce numerical 
diffusion and for the pressure-velocity coupling, the SIMPLE (Semi-Implicit 
Method for Pressure Linked Equations) scheme was required. 
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3 Results and discussion   

Study site was a small municipal wastewater treatment plant about 2000 PE in 
Sarisap, Hungary. The wastewater tank consists of two parts, one is the aeration 
tank with cylindrical form and a cone shaped settling tank as the figure 1 shows. 
The applied mesh is built with tetrahedral elements with approx. 550 000 cell 
number and 107 000 node number. Size function was used where significant 
gradients in flow field variables may occur, at the inflow, outflow and at the 
inner pipes. Boundary condition was a constant volume flux (185 m3/d due to the 
85% cumulative frequency of the inflow water) at the inlet, an atmospherical 
pressure at the outlet. In the aeration tank air source term is built in the model to 
assume the effect of the aeration on the mixing. At the surface was the outflow 
of the air due to a negative source term to satisfy the continuity.   
 

 

Figure 1: Aeration and settling tank geometry 3D Cartesian coordinates (left) 
and applied mesh 2D Cartesian coordinates (right). 

     As the solution converged, tracer was injected to the tank, replacing the 
original fluid and the outflow volume fraction of the tracer was detected. In the 
field study LiCl was discharged, which concentration was measured in the 
effluent water during five days. According to the literature (Buttz and Daigger 
[5]) five days the 95 percent of the LiCl added must be measured in the samples. 
The measured data can be transformed to a variable, which can be compared to 
the numerical results.  
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     E(t) is the normalised concentration response function and F(t) is the 
cumulative response function, which comes from the numerical model. Figure 2 
shows the measured and calculated data (Karches and Melicz [11]). 
     From the F(t) the average residence time is: 

  
0

1 ( )t F t dt


   (14) 

     Solving eqn (14), the average residence time from the measured data is 
around 40 h, from the numerically calculated data it is 45,3 h. In a previous study 
(Karches [11]) it is revealed that there was a hole between the aeration and the 
settling tank, therefore a small amount of fluid could escape faster than it was 
planned and diminish the residence time. The V/Q ratio is 48,7 h, which is close 
to the model result.    
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Figure 2: RTD study measured and calculated data which represents the mass 
fraction of the tracer at the outlet boundary. 

     When the flow field is given, LMA calculation (solving the eqn. 11) can be 
made separately. LMA predicts the average time which is needed to reach that 
point in the wastewater tank. Figures 3 and 4 show the distribution of the local 
fluid age at different sections. It can be seen that there are several zones where 
the fluid age is much higher than in the other zones. Because of the high fluid 
age the dissolved oxygen level decreases, anaerobic zones could appear in the 
aeration tank, which has a direct negative effect on the wastewater effluent 
quality. If a particle reaches the high fluid age zone, remains there for a long 
time, but not forever due to the turbulence. In the settling tank, because of the 
bad design, the fluid uses only a small volume, the residence time is not 
sufficient for the proper settling and the fact was confirmed by the LMA 
calculation. Another interesting fact is that aeration does not cease the dead-
zones, probably because of the low intensity of the air inflow.  
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     While RTD calculation predicts the occurrence of dead-zones, LMA shows 
the location, spatial dimensions of them. The problem of the dead-zone could be 
solved if the flow direction would not be the normal direction of the inlet 
boundary, but under an angle e.g. 60°. The settling problem could be solved if 
the outflow would be at the margin of the settling cone, because the particles 
path would be longer and there will be more time for the separation.  
 
 
 

 

Figure 3: Local mean age of the fluid at z=1m plane. The dark colour 
represents the high water age. Scale is in second. 

 

 

Figure 4: Local mean age of the fluid at XZ plane. The scale is in second. 
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4 Conclusion 

This study focused on the hydraulic aspects of a wastewater tanks. With the help 
of CFD the turbulence flow dynamics could have been predicted in a small 
wastewater treatment plant. Multiphase modelling was required on describing 
the aeration and carry out the RTD study with which could predict the average 
residence time in the wastewater tank and have impressions whether there are 
short-circuits and dead-zones. CFD flow field evaluation using velocity vectors, 
streamline imaging helped us to find location of the hydraulic phenomena but 
these effects on the residence time was not calculated. Local mean age of fluid 
particle is the link between the hydraulics and the biological processes.  We find 
zones in the aeration tank, where the fluid’s age was extreme high which could 
cause high ammonium concentration in the effluent. In the settling tank the 
residence time was not enough for the sedimentation process which results high 
suspended solid concentration in the effluent. With numerical simulation not 
only the problem detection is possible, but extensive knowledge of the fluid flow 
and residence time could help us to understand better the biological processes, 
too.  
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