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The modeling of Secondary Settling Tanks has become an important decision tool due to its use in assisting tank design, troubleshooting, optimization and control. The density currents created by the dispersed phase (sludge) and the turbulence generated at the inlet make this phenomenon three-dimensional. This research is focused on a CFD tool development including not only the hydrodynamics of the settling tank but also the recent advances in both hindered and compression settling modeling. The existing OpenFOAM® solver drift-FluxFoam, which calculates the settling velocity of the dispersed phase as the drift velocity, was improved by adding in the model equation a power-function and a second order derivative term to describe hindered settling and compression respectively. The modified solver was validated against batch settling experimental data. Consequently, simulations were made using an axisymmetric circular clarifier geometry, to study the effects on the sludge blanket height and sludge concentration using the compression function.

• Compression constitutive function has been successfully coupled to a CFD code based on drift velocity approach.

• The OpenFOAM® code allows 1D, 2D and 3D modelling with the same framework.

• The modified solver predicts accurately the sludge blanket height in a batch sedimentation column.

• Full-scale secondary clarifier simulation considering compression resulted in improved concentration profile prediction.

• Peak flows have a high impact on clarifier operation when the model considers compression. 

Introduction

The conventional activated sludge process is the most widespread technology used in wastewater treatment plants. In this process, bacteria and wastewater are in contact (mixture) in a reactor in order to reduce the amount of organic material and other nutrients such as nitrogen and phosphorus. This biomass (activated sludge) grows and forms biological flocs that must be separated from treated water. This is usually performed by means of gravity in a clarifier also called a Secondary Settling Tank (SST).

SSTs are the bottleneck of the activated sludge process. They must achieve three main functions: sludge-water separation (clarification), activated sludge recycling and storage in the case of hydraulic overloading. As a consequence, activated sludge sedimentation within the SST governs effluent quality directly in terms of total suspended solids (TSS) and indirectly as it will affect the biomass retention within the system (through recycling), thus affecting the biokinetic processes occurring in the biological reactor [START_REF] Torfs | Impact on sludge inventory and control strategies using the Benchmark Simulation Model No. 1 with the Bürger-Diehl settler model[END_REF].

Activated sludge particles can undergo different settling behaviours, depending on their properties (density, particle size, concentration...). One can classify the settling behaviours in a SST into four main mechanisms:

1. Discrete settling: particles settle with individual velocities and with no interactions among them; this regime is limited by the threshold of flocculation [START_REF] Mancell-Egala | Limit of stokesian settling concentration characterizes sludge settling velocity[END_REF][START_REF] Mancell-Egala | Settling regimen transitions quantify solid separation limitations through correlation with floc size and shape[END_REF];

2. Flocculating zone: particles collide forming flocs that settle with individual velocities;

3. Hindered settling: above a certain concentration [START_REF] Mancell-Egala | Limit of stokesian settling concentration characterizes sludge settling velocity[END_REF][START_REF] Mancell-Egala | Settling regimen transitions quantify solid separation limitations through correlation with floc size and shape[END_REF][START_REF] Torfs | Concentrationdriven models revisited: towards a unified framework to model settling tanks in water resource recovery facilities[END_REF], particles are considered to settle all at the same velocity depending on the local concentration [START_REF] Kynch | A theory of sedimentation[END_REF]. This regime is limited by the critical concentration (X crit ).

4. Compression: after the critical concentration is reached, particles form a network and sludge starts to thicken due to the high interaction between particles. This network exerts a solid stress that slows down settling velocity. Nevertheless, recent evidence suggests that even for higher concentrations, the individual properties of the particle also affect settling velocity [START_REF] Torfs | Impact of the flocculation state on hindered and compression settling: experimental evidence and overview of available modelling frameworks[END_REF].

SST modeling is helpful to understand the sludge settling behavior but also for tank design, troubleshooting, process optimisation and control. Modeling approaches range from point-settler models (0D) and 1D models [START_REF] Bürger | A consistent modelling methodology for secondary settling tanks in wastewater treatment[END_REF] to 2D/3D

Computational Fluid Dynamics (CFD) models [START_REF] Griborio | Secondary Clarifier Modeling: A Multi-Process Approach[END_REF][START_REF] Samstag | CFD for wastewater treatment: an overview[END_REF]. 1D models are used in most commercial simulation platforms for wastewater treatment plant-wide simulation. They enable for instance the assessment of SST operational strategies and respond to inflow variability. In order to fully understand the mechanisms of activated sludge settling in combination with the hydrodynamics occurring in the SST, CFD has also become a well-accepted tool. The simulation of activated sludge SST is probably the most well-developed area of application for CFD in wastewater treatment [START_REF] Samstag | CFD for wastewater treatment: an overview[END_REF]. Larsen [START_REF] Larsen | On the Hydraulics of Rectangular Settling Basins: Experimental and Theoretical Studies[END_REF] and Ueberl [START_REF] Ueberl | Verbesserung der Absetzwirkung von Nachklärbecken[END_REF] carried out experiments in SST and found a density current (similar to a waterfall) created by the concentration of the dispersed phase. This was also first modelled in 3D by Kahane et al. [START_REF] Kahane | Residue Thickener Modelling at Worsley Alumina[END_REF][START_REF] Kahane | CFD modelling of thickeners at Worsley Alumina Pty Ltd[END_REF] using industrial thickeners. Hence, in the SST inlet the flow tends to be three-dimensional [START_REF] Brennan | The Numerical Simulation of Two Phase Flows in Settling Tanks[END_REF].

SST must be simulated considering the two phases (solid and liquid). This can be achieved using a two-fluid Euler-Euler technique as performed by Kahane et al. [START_REF] Kahane | Residue Thickener Modelling at Worsley Alumina[END_REF][START_REF] Kahane | CFD modelling of thickeners at Worsley Alumina Pty Ltd[END_REF]. In this approach, one set of continuity and momentum equations is solved for each phase. This is computationally intensive as many parame-ters are involved to describe interphase momentum exchange terms (e.g. drag between the liquid and particles...). In the wastewater field, CFD modeling of SST is thus usually performed via a single-fluid Eulerian approach with an active scalar transport model to describe the dispersed phase (sludge) [START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF][START_REF] Griborio | Secondary Clarifier Modeling: A Multi-Process Approach[END_REF][START_REF] Kim | Study of flow characteristics in a secondary clarifier by numerical simulation and radioisotope tracer technique[END_REF][START_REF] Patziger | Computational fluid dynamics investigation of shallow circular secondary settling tanks: Inlet geometry and performance indicators[END_REF].

The governing equations for fluid motion of the continuous phase are solved;

the dispersed phase follows the advective flow and is then modelled as a scalar.

Diffusion, mainly related to turbulence, is also considered in the resulting transport equation. This approach necessitates density and viscosity coupling as a function of scalar concentration [START_REF] Ungarish | Hydrodynamics of Suspensions: Fundamentals of Centrifugal and Gravity Separation[END_REF].

A less common approach to model sedimentation is using a mixture model in which the phases are treated as a single continuous phase that is a blend of the discrete phases [START_REF] Wicklein | Good modelling practice in applying computational fluid dynamics for WWTP modelling[END_REF]. A single set of continuity and momentum equations is solved for the mixture. The introduction of the drift velocity concept allows for the description of the relative motion of the dispersed phase. This approach is currently the only one implemented in the set of default solvers within the open-source CFD platform OpenFOAM®. This solver called driftFluxFoam originates from the work of Brennan [START_REF] Brennan | The Numerical Simulation of Two Phase Flows in Settling Tanks[END_REF].

Whatever the approach used, most authors modelling SST with CFD still rely on a closed-form function of solids concentration to describe settling velocity in both hindered and compression regimes (usually exponential functions) [START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF][START_REF] Griborio | Secondary Clarifier Modeling: A Multi-Process Approach[END_REF][START_REF] Flamant | Experimental Analysis and Simulation of Settling Process[END_REF][START_REF] Weiss | Suction-lift sludge removal and non-Newtonian flow behaviour in circular secondary clarifiers: Numerical modelling and measurements[END_REF][START_REF] Patziger | Computational fluid dynamics investigation of shallow circular secondary settling tanks: Inlet geometry and performance indicators[END_REF]. Discrete settling and floculation are usually modeled separately within different kinds of settlers. e.g. primary settling tanks. Ramin et al.

[22] modelled hindered, transient and compression settling with a combination of two exponential expressions and a compression factor. Bürger et al. [START_REF] Bürger | A Stabilized Finite Volume Element Formulation for Sedimentation-Consolidation Processes[END_REF] implemented a compression term in their 2D axi-symmetric code.

Nevertheless, most of the settling models used in CFD do not consider compression as a separate constitutive function, even the most recent ones (i.e. [START_REF] Gao | Evaluation of three turbulence models in predicting the steady state hydrodynamics of a secondary sedimentation tank[END_REF]). This requires changing the structure of the model by including effective solid stress involving dependence on the gradient of concentration.

In this respect, effort is being undertaken concerning one-dimensional model improvement, and this work has already led to the addition of compression as a second order term in the underlying partial differential equation [START_REF] Bürger | A consistent modelling methodology for secondary settling tanks in wastewater treatment[END_REF][START_REF] Plósz | One-dimensional modelling of the secondary clarifier-factors affecting simulation in the clarification zone and the assessment of the thickening flow dependence[END_REF] as well as a critical analysis of hindered settling function that also considers power-law functions instead of exponential ones [START_REF] Torfs | On constitutive functions for hindered settling velocity in 1-D settler models: Selection of appropriate model structure[END_REF]. Torfs et al. [START_REF] Torfs | Concentrationdriven models revisited: towards a unified framework to model settling tanks in water resource recovery facilities[END_REF] proposed a unified 1D framework for all these settling regimes, which surprisingly, has not been the case to date concerning CFD models.

The objective of this paper is to implement the Bürger-Diehl framework, [START_REF] Bürger | A consistent modelling methodology for secondary settling tanks in wastewater treatment[END_REF],

which has been assessed in terms of well-posedness and numerical convergence [START_REF] Bürger | On reliable and unreliable numerical methods for the simulation of secondary settling tanks in wastewater treatment[END_REF], within a CFD numerical code based on the mixture approach. The simulation of an activated sludge batch settling column was performed to validate the results against the Sludge Blanket Height (SBH) (height of the sludge/clarified water interface) experimental data. Then, simulations of a full-scale clarifier were carried out to compare results obtained with the original solver considering only hindered settling and the improved one with both hindered settling and compression. The improvements of SBH and sludge concentration in the Return Activated Sludge (RAS) (settled sludge which is pumped back to the biological reactor) predictions are analyzed.

Materials and Methods

State-of-the-art one dimensional settling model

The one-dimensional (1D) partial differential equation of Bürger-Diehl (Equation 1) is employed to model the activated sludge settling behavior. This equation has the advantage to enable switching among different constitutive relations for the hindered settling, compression and dispersion terms [START_REF] Bürger | A consistent modelling methodology for secondary settling tanks: a reliable numerical method[END_REF], without affecting the solvability of the model.

∂X ∂t = - ∂ ∂z (Xυ hs (X)) - ∂ ∂z (Xυ conv (z, t)) + ∂ ∂z d comp (X) ∂X ∂z (1) 
+ ∂ ∂z d disp (z, Q in (t)) ∂X ∂z + Q in (t)X in (t) A δ(z)
The first and second terms in the right side of the equation stand for particle displacement by hindered settling and advection (through the bulk velocity)

respectively. The third term models the sludge compression. The fourth term describes the dispersion of the mixture at the inlet (turbulence effect). The last term models the feed mechanism at a given height of the system.

Hindered settling velocity modeling

According to Kynch theory [START_REF] Kynch | A theory of sedimentation[END_REF], hindered settling velocity (υ hs )is supposed to depend only on solids concentration (X). Several empirical laws are available in the literature to link these two variables. The most common are exponential relationships such as Vesilind's function [START_REF] Vesilind | Theoretical considerations: Design of prototype thickeners from batch settling tests[END_REF]:

υ hs (X) = υ 0 e -r h X (2) 
Recently, the use of power law functions has been suggested to be more accurate when coupled with compression settling [START_REF] Torfs | On constitutive functions for hindered settling velocity in 1-D settler models: Selection of appropriate model structure[END_REF]. One of these relations is the one proposed by Diehl [START_REF] Diehl | Numerical identification of constitutive functions in scalar nonlinear convection-diffusion equations with application to batch 31 sedimentation[END_REF]:

υ hs (X) = υ 0 1 + X/ X q (3)
where v 0 , X and q are parameters to be calibrated.

Sludge compression behavior modeling

The compression function d comp in Equation 1 represents the decrease of settling velocity occurring when sludge reaches compression regime, i.e. sludge compressibility. This function is given by [START_REF] Bürger | A Model of Continuous Sedimentation of Flocculated Suspensions in Clarifier-Thickener Units[END_REF]:

d comp =      0 for 0 ≤ X < X crit ρ d g(ρ d -ρc) υ hs (X)σ e (X) for X ≥ X crit (4) 
where ρ d and ρ c are respectively the sludge and water density, g is gravity,

and σ e the derivative of effective solids stress.

The effective solids stress σ e is the stress supported by the solid skeleton [START_REF] Clercq | Batch and continuous settling of activated sludge: in-depth monitoring and 1d compression modelling[END_REF], i.e. the sludge particles form a network that exerts a force in the vertical direction (pushing up). This is only valid when the sludge concentration is higher than the critical concentration (X crit ). Authors use different expressions with two parameters to calculate the value of effective solids stress [START_REF] Ramin | A new settling velocity model to describe secondary sedimentation[END_REF][START_REF] De Clercq | Extending and calibrating a mechanistic hindered and compression settling model for activated sludge using in-depth batch experiments[END_REF].

Here, the De Clercq's function (Equation 5) [START_REF] De Clercq | Extending and calibrating a mechanistic hindered and compression settling model for activated sludge using in-depth batch experiments[END_REF] is employed to describe σ e depending on sludge concentration and three parameters (λ, β and X crit ) to be calibrated.

σ e (X) =      0 for 0 ≤ X < X crit λln( X-Xcrit+β β ) for X ≥ X crit (5) 
2.2. Continuity, momentum and dispersed phase modelling in the original CFD code Activated sludge can be considered as a two-phase mixture, where water is the continuous phase and the sludge (particles) is the dispersed phase. Based on Brennan's work [START_REF] Brennan | The Numerical Simulation of Two Phase Flows in Settling Tanks[END_REF], the original driftFluxFoam solver is built on the mixture model approximation, which states that only one continuity and one momentum equation is solved for the mixture. The distribution of the dispersed phase is modelled with a advection-dispersion equation that introduces the concept of drift velocity. It is assumed that in the horizontal direction, both phases act as just one. To employ such a model, one must consider that both phases are isothermal, non-reactive, incompressible and non-phase changing.

The solver uses the volume fraction of the dispersed phase and not the dispersed phase concentration as in the 1D model. Therefore, the sludge concentration variable X as well as model empirical functions for hindered and compression regimes are replaced by the following variable:

α d = X ρ d (6) 
The mixture density ρ m is defined as the sum of the individual densities of the continuous phase ρ c and the dispersed phase ρ d multiplied by their volume fractions α c and α d respectively (Equation 7).

ρ m = α c ρ c + α d ρ d (7) 
The mixture velocity is defined by equation 8:

v m = α c ρ c v c + α d ρ d v d ρ m (8) 
Considering the mixture density and velocity, one can obtain the continuity (Equation 9) and momentum (Equation 10) equations:

∂ρ m ∂t = -∇ • (ρ m v m ) (9) 
∂ρ m v m ∂t + ∇ • (ρ m v m v m ) = -∇P m + ∇ • (T + T t + T Dm ) + ρ m g + M m (10)
In this equation, v m is the mixture velocity. The second term in the right side is the stress tensor, composed of viscous stress T , turbulent stress T t and diffusion stress T Dm . P m is the pressure of the mixture (equal to the sum of phases pressure); g is gravity; and M m is the surface tension force on the mixture. The diffusion stress term ∇ • T Dm represents the momentum diffusion due to the relative motions of the phases. According to Verloop [START_REF] Verloop | The inertial coupling force[END_REF] if ∇ • T Dm is missing then the mixture model is inaccurate. See Manninen [START_REF] Manninen | On the mixture model for multiphase flow[END_REF] for more details on the development of Equations 9 and 10 and the stress tensors.

The solids transport equation or drift equation [START_REF] Brennan | The Numerical Simulation of Two Phase Flows in Settling Tanks[END_REF] is then given by:

∂α d ∂t + ∇ • (α d v d ) = ∇ • (Γ∇α d ) (11) 
The diffusion coefficient Γ, equal to the eddy diffusivity [START_REF] Stamou | Numerical modeling of flow and settling in primary rectangular clarifiers[END_REF], considers the effects of the turbulent diffusion on the dispersed phase.

The dispersed phase velocity v d has to be related to the velocity of the mixture v m , i.e., the diffusion velocity v dm (Equation 12)

v dm = v d -v m (12) 
Thus, Equation 11becomes:

∂α d ∂t + ∇ • (α d v m ) = -∇ • (α d v dm ) + ∇ • (Γ∇α d ) (13) 
The diffusion velocity of the dispersed phase is due to the phase density differences, resulting in forces on the particles different from those on the fluid.

Those forces are balanced by the drag force [START_REF] Manninen | On the mixture model for multiphase flow[END_REF]. According to Ishii and Hibiki [START_REF] Ishii | Two-fluid model and hydrodynamic constitutive relations[END_REF] the drag correlation should be expressed in terms of the drift velocity v dj .

Equation 14 relates the drift velocity to the diffusion velocity:

v dm = ρ c ρ m v dj (14) 
The drift velocity v dj is considered as the hindered settling velocity. Hindered settling affected by gravity is only acting downwards therefore:

v dj = v dj k (15) 
The vector k is the unit vector pointing in the direction of gravity. The value of v dj can be calculated from empirical functions of the concentration (or here volume fraction). The original solvers includes Vesilind [START_REF] Vesilind | Theoretical considerations: Design of prototype thickeners from batch settling tests[END_REF] (Equation 2) and Takacs [START_REF] Takács | A dynamic model of the clarification-thickening process[END_REF] exponential functions. They are here expressed in power 10 basis, as a function of the dispersed phase volume fraction.

Finally the drift equation in the existing code of OpenFOAM® is:

∂α d ∂t = -∇ • (α d v m ) -∇ • ( α d ρ c ρ m v dj ) (16) 
+ ∇ • (Γ∇α d )

Development of the modified solver

In the modified code the mixture approach is still used, i.e., continuity and momentum equations remain the same. The improvements made in the code include:

• the addition of the compression term of the 1D equation 1 into the drift equation 16, which gives Equation 17;

• the addition of the modified Diehl's Equation for hindered settling (Equation 20).

∂α d ∂t = -∇ • (α d v m ) -∇ • ( α d ρ c ρ m v dj ) (17) 
+ ∇ • (d comp ∇α d ) + ∇ • (Γ∇α d )

Compression term

The third term of equation 17 describing the compression settling was included in the drift equation. The compression function d comp is coded as follows:

d comp = ρ d g(ρ d -ρ c ) ρ c ρ m v dj (α d )σ e (α d ) (18) 
The derivative of the effective solid stress σ e is computed as the derivative of Equation 5. However, X and X crit must be expressed in terms of volume fraction (Equation 6), which gives:

σ e (α d ) =      0 for 0 ≤ α d < X crit /ρ d λ β+(α d -Xcrit/ρ d ) * ρ d for α d ≥ X crit /ρ d (19)
Therefore, similarly to the 1D model, the compression function is only active when the volume fraction (α d ) is higher than the critical volume fraction i.e.

X crit /ρ d . This relation has three parameters to be calibrated: λ, β and X crit .

Hindered settling term

OpenFOAM® allows the user to select among several hindered settling functions. The original solver includes Vesilind [START_REF] Vesilind | Theoretical considerations: Design of prototype thickeners from batch settling tests[END_REF] and Takacs [START_REF] Takács | A dynamic model of the clarification-thickening process[END_REF] expressions.

Diehl's function (Equation 3) [START_REF] Diehl | Numerical identification of constitutive functions in scalar nonlinear convection-diffusion equations with application to batch 31 sedimentation[END_REF] was added because it has been suggested to give more accurate predictions than exponential expressions when coupled to compression function [START_REF] Torfs | On constitutive functions for hindered settling velocity in 1-D settler models: Selection of appropriate model structure[END_REF]. The combination of this relation with equation 6 now results in:

v dj (α d ) = v 0 1 + α d / X/ρ d q (20)

Numerical procedure

OpenFOAM® uses the finite volume method to discretize the partial differential equations, by integrating them over each element/cell (different schemes are available). This method is conservative, the flux entering the cell is the same leaving to the adjacent cell. The finite volume method can be applied to unstructured meshes (providing that there are no overlapping elements) since the variables are evaluated in the center of the cells and not at the cells faces [START_REF] Moukalled | The Finite Volume Method in Computational Fluid Dynamics[END_REF]. In OpenFOAM® the integration of the algebraic equations is based on the sum of the values on the cell faces being interpolated to the center of the cell.

The discretization schemes used are: Euler for the time derivative and Gauss Linear for the space derivatives (gradient, divergent, Laplacian). To ensure the stability and convergence of the simulation, the solver includes an automatic time step adjustment according to stability criteria (Courant number < 0.9).

Test case: batch settling column

To demonstrate the reliability of the solver, a 2D mesh was built to represent the sludge settling behavior in a batch settling column. The dimensions of the column are 1m in height and 0.40m in diameter: only rigid walls and free surface boundary conditions are considered (see section 2.6.3). Mesh independence of the column was reached for 500 cells in the vertical direction.

Test case: axisymmetric clarifier 2.6.1. Geometry and meshing

The dimensions of the circular clarifier are based on the data of Lakehal et al. [START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF]. The clarifier is 20m in radius and 4m height. Assuming that flow is axisymmetric, a 2D geometry can be chosen to simulate the hydrodynamics of the system [START_REF] Griborio | Secondary Clarifier Modeling: A Multi-Process Approach[END_REF] which will reduce the number of cells of the geometry and therefore lower the computational cost. Patziger [START_REF] Patziger | Computational fluid dynamics investigation of shallow circular secondary settling tanks: Inlet geometry and performance indicators[END_REF] also uses this approach to study the effects of the inlet design on SST performance. Thus, the same five patches as used by Lakehal et al. [START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF] are appliedd: inlet, outlet, sludge removal, walls, symmetry and wedge as explained in Section 2.6.3 (Figure 1). The snappyHexMesh tool for meshing in OpenFOAM® generates 3D meshes containing unstructured hexahedral cells. The original geometry is enclosed in a rectangular coarse mesh (called blockMesh). Then, snappyHexMesh iteratively refines the mesh over the defined geometry (given as stl files input) according to the surface refinement and to the number of cells between layers one has assigned [START_REF] Greenshields | OpenFOAM User Guide: CFD Direct, Architects of Open-FOAM[END_REF].

Surface refinement is an important feature to get a flat boundary. To obtain a 90°intersection between the boundaries (surfaces), i.e. avoid incomplete corners, one should extract the lines of the boundary and define a level of refinement. The bigger the level is, the more complete the corner will be; but the number of cells will increase. This mesh has a Level 5 refinement for back, front, walls and baffles boundaries. As OpenFOAM® works natively in 3D, the generated mesh has to be converted into a 2D axisymmetric mesh. An extrusion tool extrudeMesh allows such conversion. To perform mesh sensitivity analysis, three different meshes were generated (6900, 13307 and 21647 cells).

Turbulence Model

The implemented turbulence model is k -, with a buoyancy term [START_REF] Brennan | The Numerical Simulation of Two Phase Flows in Settling Tanks[END_REF][START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF].

It is based on the density gradient generated by the variation of the composition in the mixture.

Boundary conditions

Inlet. This is a patch with fixed values for inlet volume fraction α d , kinetic energy k, dissipation rate , turbulent viscosity ν t , velocity of the mixture v m , and pressure p. The inlet mixture velocity is calculated by dividing the inflow Q in by the inlet section A in . The initial values of k and are calculated from Equations 21 and 22 respectively assuming values of T 2 u = 0.05, C µ = 0.09 and turbulence length scale (L u ) of 0.5 times the inflow radius to the inlet baffle ( [START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF]). Turbulent viscosity v t is computed automatically by OpenFOAM®.

k = 1.5(T u v m ) 2 (21) ε = C µ k 3 2 L u ( 22 
)
Effluent outlet. Since the outlet is located far from any geometry disturbances that impact the flow direction, all the variables outlet boundary conditions are set to zeroGradient [START_REF] Versteeg | An Introduction to Computational Fluid Dynamics: The Finite Volume Approach[END_REF] except for the pressure which is set to a fixed value of 0 Pa (relative pressure). The zeroGradient boundary condition extrapolates a quantity to the patch from the nearest cell value: the quantity is developed in space and its gradient is equal to zero in the normal direction of the boundary.

Sludge removal. Mixture velocity at the recirculation boundary v mrec is imposed and calculated with Equation 23, where R is the recirculation ratio and

A rec the section of the withdrawal. R is the ratio of the RAS flow-rate returning to the biological reactor over the through-flow of the wastewater treatment plant. The rest of the variable boundary conditions are set-up to zeroGradient.

v mrec = Q in R (1 + R)A rec (23) 
Walls. No-slip boundary condition is applied for velocity. The volume fraction and pressure boundary conditions are set up to zeroGradient and fixedFluxPressure respectively. The latter is used for pressure in situations where zeroGradient is generally used, but where body forces such as gravity and surface tension are present in the solution equations. The gradient is adjusted accordingly [START_REF] Greenshields | OpenFOAM User Guide: CFD Direct, Architects of Open-FOAM[END_REF].

Concerning turbulence variables, standard OpenFOAM® wall functions are used [START_REF] Greenshields | OpenFOAM User Guide: CFD Direct, Architects of Open-FOAM[END_REF].

Free surface. Symmetry boundary is applied here. Similar to zeroGradient for scalars, the normal component is set to zero for vectors.

Wedge boundaries. The wedge boundary makes sure that one cell thick is running along the centre line, straddling one of the coordinates planes [START_REF] Greenshields | OpenFOAM User Guide: CFD Direct, Architects of Open-FOAM[END_REF]. It is only imposed to front and back boundaries of the 2D axisymmetric clarifier, ensuring that OpenFOAM® will use the cylindrical coordinates.

Sludge properties

Sludge properties used in this study originate from experimental work carried out in previous studies by Locatelli [START_REF] Locatelli | Detailed Velocity and Concentration Profiles Measurement During Activated Sludge Batch Settling Using an Ultrasonic Transducer[END_REF] The sludge inlet concentration and density are 3.9 kg•m -3 and 1050 kg•m -3 respectively.

A Bingham rheological model [START_REF] Bingham | An investigation of the laws of plastic flow[END_REF] is used. The Dick and Ewing [START_REF] Dick | The Rheology of Activated Sludge[END_REF] exponential function (Equation 24) correlates the sludge concentration and the yield Such configurations are based on the research carried out by Torfs et al. [START_REF] Torfs | On constitutive functions for hindered settling velocity in 1-D settler models: Selection of appropriate model structure[END_REF] which pinpointed that power-law functions for hindered settling coupled to the compression function describe more accurate SBH dynamics in 1D models than exponential ones.

The parameters for the settling model are calibrated with the experimental data of Locatelli [START_REF] Locatelli | Activated sludge batch settling : from experimental investigation using an ultrasonic transducer to 1d modelling, sensitivity analysis and parameter identification[END_REF]. The corresponding values are summarized in Table 1.

Table 1: Settling model parameters. Diehl's function and the compression function

Parameters Value V 0 6.1143.10 -3 m•s -1 q 1.7003 X 8.4958 kg•m -3 λ 8.4228.10 -1 kg•m -1 •s -2 β 2.4603 kg•m -3 X crit 4.8815 kg•m -3
Comparison to the batch settling curves obtained experimentally and with both model configurations is provided in Figure 2. Physically, one can observe a clear interface between the water and the sludge, this is the SBH. Initially, the SBH linearly decreases for the first 860 s. This is characteristic of the hindered settling regime. The determined slope is the hindered settling velocity which is a function of sludge concentration (or volume fraction in the solver). Here, this function is the power-law established by Diehl [START_REF] Diehl | Numerical identification of constitutive functions in scalar nonlinear convection-diffusion equations with application to batch 31 sedimentation[END_REF] (Equations 3 and 20).

As expected, this regime is equally predicted by both model configurations that use the same parameters for the Diehl function.

After 860 s, the compression regime starts to be predominant and the settling velocity decreases. The model without compression fails to predict this accurately: the settling velocity remains constant much later and the SBH is highly underestimated. In comparison, the model including compression constitutive function fits very well with the experimental data: above the critical sludge concentration, the sludge starts to exert a solid stress acting up in the vertical direction, this slows down the observed settling velocity.

These results clearly illustrate the validity of the equations and constitutive functions implementation in the new solver. They are equivalent to what can be obtained using the 1D framework presented in Section 2.1. However, the added value of a CFD code is to simulate the processes occurring within the actual geometry. The following section therefore presents the benefits of the improved solver within a full-scale clarifier geometry. 

Simulation of full-scale clarifier

Results obtained in a batch settling column showed that the compression term now included in the drift-flux solver successfully fits the experimental data. The impact of this modification on results obtained within a realistic clarifier geometry was investigated by conducting simulations with the design and operating conditions suggested by Lakehal et al. [START_REF] Lakehal | Computing shear flow and sludge blanket in secondary clarifiers[END_REF].

Results of the scenarios with and without compression constitutive function are compared in terms of SBH and sludge concentration.

First, constant inlet (1685 m 3 •h -1 ) and RAS flow-rates (779 m 3 •h -1 ) were applied until reaching steady-state of the system. Then, hourly inlet flow-rate fluctuations were applied using previous values as average and the pattern defined by Copp et al. [START_REF] Copp | The COST Simulation Benchmark: Description and Simulator Manual[END_REF]. The RAS flow-rate also varied proportionally according to boundary conditions exposed in Section 2.6.3 (Equation 23).

Steady-state simulation

Convergence to steady-state was reached when SBH and RAS concentrations were constant and the overall mass conservation of suspended solids was satisfied.

The CFD simulation results allow for the description of the clarifier hydrodynamics and sludge behavior in the vertical and horizontal directions. Figure 3 shows the sludge blanket height and sludge concentration inside the clarifier for the two model configurations.

Using the model with the compression function, a higher SBH is expected as this was previously shown using 1D models including compression as a constitutive function [START_REF] Torfs | Impact on sludge inventory and control strategies using the Benchmark Simulation Model No. 1 with the Bürger-Diehl settler model[END_REF]. This was confirmed as the predicted SBH was 1.95m and 1.55m at 5m radial distance for the models with and without compression function respectively.

As expected, the compression slows down the settling velocity. Indeed, compression can be understood as a force exerted by the sludge that does not allow itself to accumulate quickly at the bottom. Thus, lower concentrations along the bottom of the clarifier are observed (Figure 3, upper). This is particularly relevant at the right side of the SBH. Without compression, concentrations up to 40 g•L -1 are observed locally. This high predicted concentration is probably the consequence of two phenomena:

• overestimated settling velocity in these conditions: one main reason for this is that the hindered-settling function is not zero at a finite concentration. The function of Diehl [START_REF] Diehl | Numerical identification of constitutive functions in scalar nonlinear convection-diffusion equations with application to batch 31 sedimentation[END_REF] is meant to be used together with a compression term. The often used Vesilind [START_REF] Vesilind | Theoretical considerations: Design of prototype thickeners from batch settling tests[END_REF], or double-exponential function of Takacs [START_REF] Takács | A dynamic model of the clarification-thickening process[END_REF], are neither zero at a finite concentration. However, they consist of exponential functions that tend to zero very fast, which means they are effectively zero for high concentrations when used by any numerical method; hence, the problem is not visible. An alternative would be to slightly redefine the function so that it is zero at a large concentration when using it without compression.

• rheological behavior: as the concentration is very high in this zone, the yield stress increases to a high extent (equation 24). As this is a zone with low velocity and low shear stress, sludge phase is not going down along the slope of the clarifier.

Hence, it can be observed that, without compression, the model predicts some sludge accumulation in the lower baffle of the inlet device. The model without compression is giving more realistic predictions in this respect.

Different conclusion can be drawn regarding the RAS concentration. It should be noticed that it was computed as the average of solid phase concentration over the removal patch. The predicted concentration is similar with the two model configurations (7.59 kg•m -3 and 7.37 kg•m -3 with and without compression respectively). This may be due to the particular geometry of the clarifier simulated here (large sludge removal zone, horizontal baffle).

All of these results illustrate the added value of using a compression term and its constitutive function within a CFD model. This could allow to better evaluate the impact of geometrical features and operation modes on predicted SBH and RAS concentration. The simulation starts with the initial conditions from the steady state obtained for each case. For both models, there is a decrease of SBH when the inflow decreases (Figure 4). This is a normal behavior: less mass coming into the system results in less mass settling. Whatever the radial distance, the predicted SBH with the compression model is still higher than the predicted SBH with no compression model e.g. maximum 3.05m and 2.56m respectively at 5m radial distance (Figure 4 -upper). This is in agreement with the results of steady-state simulation.

One interesting observation is that the model with compression function seems to be more sensitive to flow-rate variations. The relative SBH elevation is indeed higher during peak flows with this model configuration. Afterwards, when the hydraulic load drops, SBH diminution is slower with the model considering compression.

Regarding the RAS concentration, both simulations predict a lower value with higher flow-rate (Figure 5), which was expected. There is a dilution of this concentration. Comparing the results obtained with the Takacs 1D model [START_REF] Takács | A dynamic model of the clarification-thickening process[END_REF] not considering compression and the Bürger-Diehl model [START_REF] Bürger | A consistent modelling methodology for secondary settling tanks in wastewater treatment[END_REF], Torfs et al. [START_REF] Torfs | Impact on sludge inventory and control strategies using the Benchmark Simulation Model No. 1 with the Bürger-Diehl settler model[END_REF] observed that this dilution effect as well as the relative RAS concentration variations were significantly less pronounced with the latter model. However, Takacs and Bürger-Diehl 1D models differ not only by the absence or presence of the compression term but also by considering or not a separate underflow zone. Here, the 2D CFD model considers this underflow zone in a similar way for the two approaches. Thus, in this study, the observed effect in RAS trend is due only to the consideration of compression. The difference between two modeling frameworks is less important but still significant. It should be also noticed that model parameters used here were calibrated on a real activated sludge and results in a lower solid stress than parameters used by Torfs et al. extra second-order term that accounts for compression. Here, the constitutive function of De Clercq [START_REF] De Clercq | Extending and calibrating a mechanistic hindered and compression settling model for activated sludge using in-depth batch experiments[END_REF] is used but one can select another expression in a modular way. In addition to Takacs [START_REF] Takács | A dynamic model of the clarification-thickening process[END_REF] and Vesilind [START_REF] Vesilind | Theoretical considerations: Design of prototype thickeners from batch settling tests[END_REF] hindered-settling velocity functions, the power-law expression of Diehl [START_REF] Diehl | Numerical identification of constitutive functions in scalar nonlinear convection-diffusion equations with application to batch 31 sedimentation[END_REF] was also implemented. These developments integrate the most up-to-date knowledge of activated sludge sedimentation mechanisms that were surprisingly never implemented in the present form in a CFD code.

To validate this approach, a batch settling column was simulated. By comparing experimental settling curves and the simulations, it has been concluded that the sludge blanket height prediction is improved by using the compression function.

Simulations of a 2D axisymmetric clarifier geometry were also performed in order to evaluate the advantages of considering compression in a continuous system. Through such simulations, it was found that the settling velocity is slowed down above a critical concentration when adding the compression function, thus leading to a higher sludge blanket prediction.

Transient simulation with high hydraulic loads showed that sludge blanket height varied to a higher extent with compression. Return activated sludge concentration was also more impacted despite the fact that these variations were less important in comparison with 1D models. However, these 1D models obviously do not consider the clarifier geometry (baffles, removal, slope...).

Future research will focus on model validation with experimental data measured within a full-scale clarifier. Further development also includes the incorporation of discrete settling behavior which requires the inclusion of several particles classes or even the use of Population Balance Models.
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 1 Figure 1: Mesh of the axisymmetric clarifier
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 12433112 and b 1 can be obtained by fitting the modeled yield stress to the experimental data for different sludge concentrations. Here, the solver correlates the yield stress to the volume fraction. The corresponding values for a 1 and b 1 are 5 * 10 -3 Pa and 141.363 respectively. Then, the obtained viscosity is used in the stress tensor in the momentum equation 10. τ y = a 1 * 10 b1α d (Code verification in batch settling column To validate the simulation results of the improved solver, the batch settling curves (SBH vs time) obtained from the simulations and experimentally during one hour of sedimentation are compared. The sludge properties and initial conditions are those mentioned in Section 2.6.4. Two different model configurations are assessed: Scenario considering only hindered settling (no compression): Diehl's function (equation 20) is used to describe settling velocity; Scenario considering both hindered and compression settling regimes: Diehl's function describes hindered settling velocity and the constitutive function d comp (relation 18) describes compression.
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 2 Figure 2: Settling curves for: experimental data (black points), model using the compression function (blue continuous line) and model without the compression function (red continuous line)
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 3 Figure 3: Sludge concentration and SBH at steady state, upper: Diehl and compression function, lower: Diehl with no compression function
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 4 Figure 4: SBH measured at a radial distance from the inlet of 5m (Upper) and 15m (Lower) with model using and not using the compression function respectively during 2 days transient simulation
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 5 Figure 5: Average sludge concentration measured at the sludge withdrawal using and not using the compression function respectively during 2 days transient simulation