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Abstract

:

This paper aims to bridge the gap in the detailed modelling of flow and sediment process interactions in sewers through the development of a computational fluid dynamics (CFD) model. It draws on previous models developed for surface water sediment transport in the OpenFOAM CFD framework and builds on them to improve their suitability for sewer sediment processes. Three distinct sediment processes, suspended sediment transport, bedload transport, and deposited bed morphology, are incorporated into a free surface flow solver, interFoam. This sewer sediment model, called SewerSedFoam, models the impacts of sediment deposition and erosion on flow velocity by using dynamic mesh deformation to capture the movement of the deposited bed and its morphology. Further, three sediment classes, two suspended and one bedload sediment, can be modelled along with some bed stabilization and consolidation effects during deposition and erosion, respectively. The functionality of the overall model in modelling sewer sediment deposition and erosion is promising, although the validation of a large magnitude sediment erosion event has been limited by the availability of granular data in existing case studies.
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1. Introduction


Solids transport and deposited bed erosion/deposition processes in gravity sewers are extremely complex due to the interactions between numerous solids classes, variable inflow volumes, and the large scales of urban sewer systems [1]. However, sewer designers and operators still attempt to model these complicated processes to prevent excess solids deposition, which can result in a reduced sewer hydraulic capacity, increased pollution from combined sewer overflows (CSOs), and an increased number of sewer blockages [2]. The extensive lengths of underground sewer networks in cities globally and their long lifespans make any additional costs to their repair and rehabilitation very significant [3]. The impacts of climate change and the introduction of sustainable planning frameworks for urban water systems, specifically the focus on increasing decentralized water recycling and reducing per capita water use, bring additional uncertainty to the inflow volumes and solids concentration in sewers [4,5,6,7]. Lower inflows to sewers with an increased solids concentration can increase the rate of excess solids deposition [8]; hence, the current uncertainties around wastewater inflows and concentration in sewers provide a fresh impetus to examine and progress sewer solids models.



The multitude of solid types in sewers fall broadly into two main categories: sewer sediments, with diameters under 6 mm, and gross solids, with diameters above 6 mm [2]. A third category of near-bed or inner suspension solids has also been proposed [9], however there is significantly less fundamental research on their transport and erosion/deposition processes compared to the other solid fractions. There are avenues for improvement in the modelling of all sewer solid fractions, however, the focus of this paper is on the deterministic modelling of sewer sediments. In the past, sewer sediment research has drawn from sediment modelling in surface waters, such as rivers and oceans, due to the similarities in their flow and sediment processes [10,11,12]; these sediment processes can be broadly classified as the movement of suspended and bedload sediment due to hydrodynamic flow and the development or removal of the deposited bed due to sediment deposition or erosion (detailed in Figure 1).



The deterministic modelling of sewer sediment transport and hydrodynamic flow over larger scales is very computationally intensive; thus, sewer sediment modelling has been limited to the use of predominantly 1-D flow models and empirical sediment transport equations, usually derived from surface water research [14]. The main limitation to the application of 3-D flow models, such as computational fluid dynamics (CFD), in sewers has been the lack of computational power required to produce reasonable model run times especially in larger sewer networks. However, the insights from the use of 3-D or 2-D flow models can be valuable in understanding the complicated interactions between flow velocity, the deposited bed, and sediment transport rates; such insights have been obtained in a number of surface water sediment transport studies [15,16]. Despite the limitations in the applicability of surface water sediment models to sewers, mainly arising from the different sediment classes in sewers [2], there is still value in the integration of ideas between these two areas. Specifically, CFD flow modelling could be used in smaller sewer sections, i.e., the ‘local’ scale as opposed to larger ‘network’ scales, along with deterministic sediment and deposited bed modelling to obtain a detailed picture of the interactions between flow velocity, sediment transport, and changing deposited bed height. A comprehensive model does have drawbacks, such as the increased requirements for input data and the lack of applicability over larger scales, but it still possesses utility for small scale use and in the development of simplified or empirical equations that can be upscaled for use over larger sewer networks.



To be comprehensive, a sewer sediment model will have to account for some important sediment and bed interactions. The use of multiple classes of sediments is necessary to incorporate the range of sediment types in sewers [2]. The change in the height of the deposited bed under a particular flow regime depends significantly on the critical shear stress, i.e., the stress required to initiate sediment motion [17]. It is a particularly difficult process to determine critical shear stress in sewer beds due to the deposition of multiple sediment fractions, cohesiveness of some sewer sediments, biological activity in sewers, and consolidation of the sediment bed over time [2]. Research into the erosion of cohesive and mixed sediment beds in surface waters and sewers may provide a way forward in the calculation of critical shear stress in sewer sediment beds [14,18,19].



This manuscript details the development of a detailed sewer sediment process model, called SewerSedFoam (SSF), in a CFD framework which can be utilized to model sediment processes in a local-scale sewer system. The development of SSF aims to bridge the gap in the detailed modelling of flow and sediment process interactions in sewers, by implementing three modules to incorporate suspended sediment transport, bedload transport, and deposited bed morphology to an existing CFD hydrodynamic flow module. A validated SSF aims to be particularly valuable in analyzing the impacts of changing wastewater inflow and concentration in sewers, due to the introduction of sustainable planning frameworks, on excess sediment deposition.




2. Model Description


OpenFOAM, an open-source CFD package with multiple distributions, has served as a good platform to develop detailed flow and sediment process models in surface water applications [15,16,20]. OpenFOAM’s active user community, compatibility with high performance computing (HPC), and the lack of licensing issues further add to its suitability in the development of SewerSedFoam (SSF). The open source nature of OpenFOAM also improves both the accessibility and reviewability of any developed model. Due to these advantages, Foam-Extend (v3.2), a community sourced version of OpenFOAM with some additional functionality compared to other distributions, was used for model development in this manuscript.



2.1. Hydrodynamics


OpenFOAM solves the Reynolds-averaged Navier–Stokes (RANS) set of equations to model hydrodynamic flow and can also model multiphase flow with a free surface, such as in a partly filled channel or pipe, using a Volume of Fluids (VoF) based solver called interFoam [21]. InterFOAM is based on the standard VoF method developed in Hirt and Nichols [22], where the RANS equations are solved in the computational domain under the linear influence of a volume fraction, α, which varies between 0 and 1 for air and water, respectively. OpenFOAM’s VoF implementation is detailed extensively in a number of publications [15,23,24,25]. A number of turbulence models are available within OpenFOAM and for this study, the k-Omega SST (k-ω SST) model was used for turbulence closure along with the interFoam solver; this turbulence model was selected as it has been used successfully in previous sediment transport applications utilizing interFoam [15].




2.2. Computational Mesh and Finite Area Method (FAM)


OpenFOAM predominantly uses the finite volume method to solve its transport equations in a domain defined through a, usually stable, computational mesh [26]. However, the development of a deposited bed in SSF necessitates a dynamic, moving mesh that changes with the erosion and deposition of sediment. To incorporate this type of dynamic mesh in OpenFOAM, the finite area method (FAM), outlined in Sattar et al. [15] and Tukovic and Jasak [27], was utilized. FAM was developed as a way to solve curved surface derivatives, such as the equation for deposited bed height Equation (17), in a 3-D OpenFOAM domain [27]. A separate “finite area” mesh is defined within the overall OpenFOAM computational mesh, representing the deposited bed in our case, to implement this method. The bedload transport and deposited bed morphology equations discussed in subsequent sections are limited to the finite area mesh. The movement of the finite area mesh from the solution of the bed morphology Equation (17), still affects the entire computational mesh and results in follow on effects to flow and other transport equations.




2.3. Sediment Fractions


Historically, sewer sediments have been classified empirically as Types A, B, C, D, and E [28], where Type A are coarse mineral sediments, Type B are cemented Type A sediments, Type C are fine grained organic sediments, Type D are biofilms, and Type E are fine grained mineral sediments [2]. Of these five sediment types, at least three major sediment fractions, i.e., Types A, C, and E, need to be modelled for a comprehensive sewer sediment model [2]. Hence, three sediment fractions are implemented in the model to represent these fractions (Table 1). The proportion of the three sediment types in the deposited bed, PA, PC, and PE, can be made constant to suit different types of sewer systems or set to be variable based on the quantity of each sediment fraction that is eroded or deposited.




2.4. Suspended Sediment Transport


The one dimensional form of the Advection-Diffusion equation, often used to model suspended sediment transport, from Graf [29] is


    ∂ C   ∂ t   =   − u   ∂ C   ∂ x   +    ∂  ∂ x     ϵ   ∂ C   ∂ x     ,  



(1)




where C is the concentration of suspended sediment, x is the transport direction, u is the flow velocity in the x direction, and ε is the dispersion coefficient.



In OpenFOAM, this 1-D equation can be solved in three dimensions for both the suspended sediment types, C and E, as follows [20]:


    ∂  C i    ∂ t   =   −   u +  u  s i     ∇  C i  +   ∇     ν +    ν t    ∇  C i    ,  



(2)




where Ci is the concentration of type C or E sediment, u is the flow velocity vector (all vectors in equations are represented with bold text),  ∇  is the gradient operator (i.e., ∂/∂x, ∂/∂y, ∂/∂z), ν is the kinematic viscosity of water, νt is the turbulent kinematic viscosity from the turbulence model, and usi is the sediment settling velocity vector calculated for a sediment fraction i through Stokes’ law [30]:


   u  s i   =       [  ρ  s i   / ρ ] − 1      d i 2  g   18 ν   ,  



(3)




where ρsi is the density of a suspended sediment fraction i, ρ is the density of water, di is the particle diameter for a sediment fraction i, and g is the acceleration due to gravity in vector form.



A limitation in the application of the VoF method in interFoam is that scalar transport equations, such as Equation (2), are solved for the entire computational domain and not only in the water phase sections. This can cause unphysical results, such as suspended sediment being transported through the free surface into the air domain. To limit this computational problem with VoF, a modification used in Jacobsen [20] has been added to limit turbulence effects to the water phase and obtain the final suspended sediment transport equation implemented:


    ∂  C i    ∂ t   =   −   u +  u  s i     ∇  C i  +   ∇   α   ν +    ν t    ∇ C   ,  



(4)




where α is the phase fraction of water in the domain.




2.5. Bedload Transport


The bedload transport in SSF follows the method detailed in Roulund et al. [31] and implemented in OpenFOAM by Jacobsen [20]. The overall equation used is:


   q b    =    1 6     π d   A   p  e f    u b  .  



(5)




where qb is the bedload transport rate vector, dA is the median diameter of type A sediment, pef is the probability of moving particles near the bed Equation (6), and ub is the mean velocity vector of a bedload particle Equation (8).


    p ef     =     1 +        1 6  π    μ d     θ A  −    θ  C , A        4       1 4      ,  



(6)




where μd is the dynamic friction coefficient (set to a constant value of 0.6), θA is the Shields parameter or dimensionless shear stress applied on bedload particles Equation (7), and θC,A is the bed critical Shields parameter to initiate motion. It is important to note that the bedload transport rate calculations are only initiated when θA values are greater than θC,A.


   θ A  =  τ     ρ B  − ρ      g     d A    =        u f          s − 1      g     d A    ,  



(7)




where τ is the dimensioned shear stress applied by the flow, ρB is the bed sediment density, uf is the friction velocity vector (calculated through the turbulence model in OpenFOAM), s is the relative sediment density to the fluid (= ρs/ρ), and ||X|| represents the magnitude of a vector X.



In 2-D models, the calculation of ub can be approximated by [32]:


   u b  =     1 − 0.7    θ  C , A   /  θ A         u τ  ,  



(8)




where uτ is the near bed tangential velocity.



In 3-D models, the calculation of ub is more complicated and involves solving a system of nonlinear equations based on the forces acting on a bedload particle. This has been implemented in SSF based on the method detailed in Roulund et al. [31], but is not detailed in this manuscript due to the subsequent use of 2-D flow models.




2.6. Critical Shields Parameter


Traditionally, the critical Shields parameter of a sediment is determined by referring to the Shields diagram and matching the diameter of the deposited sediment to the appropriate critical Shields parameter. For ease of use, SSF utilizes an equation fitted to the Shields diagram to determine the initial critical Shields parameter of Type A sediment [33]:


   θ  C 0 , A      =      0.3   1 + 1.2  d  * , A        +   0   . 055 ( 1 -   e  − 0.02  d  * , A      ) ,   



(9)




where θC0,A and d*,A are the initial critical Shields parameter and dimensionless diameter of a Type A sediment. The latter is defined for a sediment fraction i as


   d  * i      =     d i           s i    −   1      g       ν 2        1 / 3   ,  



(10)




where d*i, di, and si are the dimensionless diameter, diameter, and relative sediment density of a sediment fraction i, respectively.



However, Shields diagram does not extend to finer sediments, requiring two different equations to be utilized for the initial critical Shields parameter of sediment Types C and E [34]:


    θ  C 0 , E / C      =   0   . 115 (   d  * E / C    )  − 0.5       when    d  * E / C   < 4 ,   



(11)






    θ  C 0 , E / C        =   0   . 14 (   d  * E / C    )  − 0.64       when   4   ≤    d  * E / C   < 10 ,   



(12)




where θc0,E/C and d*E/C is the initial critical Shields parameter and dimensionless diameter, respectively, of sediment Types C or E.



To account for the different sediment stabilization processes in sewers, the initial critical Shields parameter values from Equations (9), (11), and (12) are modified based on three main factors: a deposition factor (ϕD), an erosion factor (ϕE), and the morphology of the deposited bed (ϕM). Hence, the final critical Shields parameter was calculated through:


   θ  C , i   =    ϕ D   ϕ E   ϕ M   θ  C 0 , i   ,  



(13)




where θC,i and θCo,i are the final and initial critical Shields parameter, respectively, for a sediment fraction i.



Field observations indicate that the stabilization of newly deposited sediment beds in sewers occurs in the scale of a few hours [2]. Further, pilot sewer investigations have shown that sediment deposition can occur for several days under low flow conditions even when the flow velocity increases after some initial deposition [35]. These complex stabilization processes have been incorporated using a somewhat simplistic method in SSF, whereby ϕD is increased from a default value of one based on increasing applied shear stress from flow velocity until a user set maximum bed height is achieved:


   ϕ D  =         1 ,    t  d e p   <    t  d s p          θ i  /  θ  i 0   ,   h <   h  m a x     a n d    t  d e p   >     t  d s p          θ  i , m a x   /  θ  i 0   ,   h ≥    h  m a x     a n d    t  d e p   >    t  d s p         ,  



(14)




where θi, θio, and θi,max are the shear stresses applied on a sediment fraction i, expressed as a dimensionless Shields parameter, at the current time step, at the beginning of the simulation, and when deposited bed height is at hmax respectively, h is the total height of the deposited bed, hmax is a user-set maximum deposited bed height at which deposition scaling stops, tdep is the time for which deposition has been occurring, and tdsp is a user-set time after which the deposition scaling initiates. This equation results in an increase in the critical Shields parameter of a sediment after deposition occurs for tdsp seconds until a maximum bed height is reached, after which it remains constant.



Similarly, ϕE is used to simulate an important behavior in the erosion of sewer sediments: the bed can be eroded relatively easily until a certain depth, where it has consolidated and/or settled, and needs a higher shear stress to erode further [18]. Hence, during erosion, the critical Shields parameter of the sediment fractions increase linearly from their initial values to a user-defined maximum value until a third of the bed is eroded, after which it remains constant at the maximum value. To achieve this change, ϕE is calculated through:


   ϕ E   =          1 ,      h  e r   <    h  e s p                θ  C m a x , i     −    θ  C 0 , i      h  e r     ( h   /   3 )  θ  C 0 , i     +   1 ,    h  e r   >    h  e s p     a n d    h  e r   < h / 3            θ  C m a x , i     /  θ  C 0 , i     ,      h  e r   >    h  e s p     a n d    h  e r   >   h / 3       ,  



(15)




where her is the current depth of erosion, hesp is the setpoint of erosion depth at which erosion scaling starts to occur, θC0,i is the initial critical Shields parameter of a sediment fraction i calculated through Equations (9), (11), and (12), and θCmax,i is the maximum critical Shields parameter of a sediment fraction i set by the user.



Lastly, to account for the variation in the critical Shields parameter from the changing bed morphology due to deposition and/or erosion, ϕM is calculated through [31]:


   ϕ M  =   cos β   1 −   s i  n 2  σ   t a  n 2  β    μ s    2      −     c o s σ   s i n β    μ s      ,  



(16)




where β is the angle between the deposited bed and the horizontal plane, σ is the angle between the steepest bed slope and the predominant flow direction, and μs is the static friction coefficient.




2.7. Bed Morphology


The basic form of the Exner equation to model the height of the deposited bed (h) is [16]:


    ∂ h   ∂ t      =     1   1   -   n     [ -  ∇ ·      q   b       -   SS   E       +   SS   D  ] ,    



(17)




where n is the bed porosity,  ∇ ∙qb is the divergence of the bedload transport rate, SSE is the erosion rate of suspended sediment from the bed, and SSD is the deposition rate of suspended sediment onto the bed.



Equation (17) is modified to include both the suspended sediment fractions, the effect of the sediment proportions on the bedload components, and to solve only for the change in height to obtain the final bed morphology equation implemented:


  ∂  h   =    ∂  t     1   1   -   n     [ -     P A  ∇   ·      q   b       -   SS     E , C         +   SS     D , C         -   SS     E , E         +   SS     D , E     ] ,   



(18)




where ∂t is approximated to the timestep of the simulation, PA is the proportion of type A sediment in the bed, SSE,C and SSE,E are the erosion rate of suspended sediment types C and E, respectively, and SSD,C and SSD,E are the deposition rates of both suspended sediment types.



 ∇ ·qb is calculated from qb values obtained through Equation (5). Some filtering is in place to prevent instabilities in bed height from the  ∇ ·qb term around the boundaries of the bed and to conserve mass by preventing deposition changes beyond the existing volume of bedload sediment.



SSE,C and SSE,E are calculated empirically using CE, the equilibrium concentration of suspended sediment at a reference height [36]:


    SS    E , i       =     P i   C  E , i      | |   u  s , i    | |  ,  



(19)




where SSE,i is the erosion rate of suspended sediment type i, Pi is the proportion of suspended sediment i in the bed, and CE,i is defined as:


   C   E , i    = 0.015   d  T  * , i   1.5      H  r e f    d  * , i   0.3     ,  



(20)




where Href is the reference height i.e., the height of the first cell from the bed in the computational mesh [33] and T*,i is the transport stage parameter of a sediment i defined as:


   T  * , i    =       θ i  −    θ  C , i      θ  C , i     ,  



(21)




where θi is the Shields parameter applied on a suspended sediment type i in the bed, calculated using Equation (7), and θCi is the critical Shields parameter of the same sediment type.



The deposition rate of suspended sediment can be determined more easily using the concentration of the suspended sediment in the cells above the bed, CB,i [16]:


    SS    D , i       =     C  B , i      | |   u  s , i    | |   .     



(22)







The feedback from suspended sediment deposition and erosion on the concentrations of both sediment types within the fluid, i.e., increasing concentrations during erosion and decreasing during deposition, are also incorporated by modifying CB values through [33]:


   C  B , i t + 1      =     C  B , i t      -    ∂  t   (    S  S  D , i   − S  S  E , i      H  r e f        ) ,   



(23)




where CB,it+1 is the bed concentration in the next time step and CB,it is the bed concentration in the current time step for a sediment type i.




2.8. Model Implementation


A summary of the implementation of the different parts of SSF and their interactions, shown in Figure 2, illustrates that it can be broken down into four main components: flow, Suspended Sediment (SS) transport, Bedload (BL) transport, and bed morphology. Each of these interdependent components occur in every time step of the simulation, provided some conditions are met, and contribute to calculating the change in the height of the deposited bed mesh. Initially, a stable flow is developed in a computational mesh representing a sewer before the introduction of suspended sediment in the form of an inlet concentration and the calculation of a bedload transport rate in the cells of the mesh representing the deposited bed. Subsequently, the difference in height due to erosion or deposition for each cell in the deposited bed, or finite area mesh, is calculated using the solution to Equation (18). These differences in height are then interpolated from the cells to all the points in the finite area mesh using OpenFOAM’s primitivePatchInterpolation. Finally, the deposited bed is moved based on the point interpolated values using OpenFOAM’s dynamicMotionSolver, resulting in changes in the overall sewer mesh structure and subsequently, to altered hydrodynamic flow. This cycle repeats until a stable deposited bed height is reached based on flow conditions and sediment properties.





3. Model Validation


The following sections focus on validating SSF for a relatively large-scale sediment deposition and erosion event involving multiple sediment classes in a sewer. The main challenge for this validation was finding suitable case studies that contained enough data to initiate the hydrodynamic, sediment, and deposited bed modules of SSF. Furthermore, a somewhat simple or compact sewer geometry was ideal, due to the long run times of CFD models. SSF also has some limitations to parallelization which could only be partially addressed, resulting in long run times even for compact geometries. These limitations predominantly arise from the implementation of the finite area mesh in SSF, which require the entire deposited bed area to be assigned to one processor for the finite area calculations to occur correctly. To address this limitation, the mesh geometries were simplified to 2-D models to reduce run times significantly. The simplification of the models to 2-D also solved another issue around meshing any complex geometries for case studies, which would have been a significant task.



3.1. Sediment Deposition


The case study for sediment deposition is based on data published in Regueiro-Picallo et al. [35] from a pilot plant in A Coruña Wastewater Treatment Plant (WWTP) in A Coruña, Spain. The pilot plant consists of two 8 m long plastic sewers, one circular and the other egg-shaped, with an adjustable slope. Screened wastewater from the WWTP was made to flow through both sewers while measuring deposited bed height and flow characteristics. Sediment deposition was induced in the experiments by setting the flow height at the outlet of the pipes to 100 mm using a gate [35]. Two experiments using the circular pipe while it had a 0.2% slope, i.e., Scenarios 6 and 7 from Regueiro-Picallo et al. [35], are modelled in this validation study.



3.1.1. Mesh Setup and Flow Initialization


The 2-D mesh used for both scenarios was generated using OpenFOAM’s blockMesh utility and consists of 33,000 hexahedral cells. This mesh represents a thin central slice of the circular sewer pipe. An additional 2 m of length was added as an inlet section prior to the pilot plant sewer’s 8 m length to develop the flow velocity resulting in a total length of 10 m along the x-axis with a 0.2% slope. The height of the mesh, along the z-axis, is 0.3 m to reflect the diameter of the sewer pipe.



In OpenFOAM, the boundaries of the mesh are defined as patches or walls, based on whether flow can pass through them or not, respectively. In this case, the two main patches are the inlet and the outlet of the mesh while the rest of the boundaries behave as walls (Figure 3). Fixed magnitudes of velocity y (u), turbulence boundary conditions (turbulent energy, k, and specific dissipation rate, ω), and volume fraction (α) are introduced through the lower section of the inlet to simulate the flow of wastewater through the channel. The remaining boundary conditions were set according to general two-phase pipe flow requirements for interFoam detailed in Shuard et al. [37]. The bed was modelled as a rough wall with a roughness height, ks, of 0.5 mm as this produced the closest results to the experimental data; this was achieved by modelling the turbulent viscosity, νt, of the bed with OpenFOAM’s rough wall function, nutRoughWallFunction. The mesh was refined sufficiently to enable the use of wall functions for all turbulence parameters at the walls. Lastly, the timestep of the simulation and the mesh refinement were balanced to achieve a maximum Courant number of 0.8.



The published velocity results in Regueiro-Picallo et al. [35] only include one data point along the pilot sewer for Scenario 6. However, Scenarios 6 and 7 have very similar flow characteristics and the results are likely to be very similar for both. After a stable flow height and velocity were established, the modelled flow velocity in the middle of the sewer, 6 m from the inlet, matches up very closely with the experimental results (Figure 4). The experimental velocity data was measured after one day of sediment deposition occurred in the pilot sewer and this may have resulted in the slight increase in velocity in the middle of the flow area as compared to the model values.




3.1.2. Sediment and Deposited Bed Module Setup


Two different sediment input regimes were implemented in the A Coruña experiments, by utilizing a mixer in the input tank to introduce larger and/or denser sediments into the sewer during Scenario 7 and having the mixer off for Scenario 6. The use of the mixer resulted in both additional deposition and larger sediments being present in the bed. The average sediment diameters in the deposited bed were 240 and 177 µm for the mixing and non-mixing scenarios, respectively. The average bed sediment density for both scenarios was 1460 kg/m3. The effect of the mixing on the characteristics of the overall influent sediment appears to have been more complicated with a reduction in diameter of volatile solids and increase in diameter of non-volatile solids [35].



To reduce the complexity of the overall sediment inputs into SSF, only two sediments were modelled for both scenarios: a suspended Type C sediment and a Type A sediment transported as bedload. Initial model runs were used to determine the ideal range for Type C sediment diameter and density for the current flow scenario (Table 2). Low suspended sediment diameters and densities resulted in insufficient concentrations around the bed to cause deposition, and values that were too high resulted in sediment that did not remain suspended throughout the channel. After the Type C sediment diameter and density were determined, Type A sediment characteristics were set to achieve the experimental deposited sediment characteristics assuming that both sediment fractions occurred in roughly equal proportions in the deposited bed. It is important to note that the selected sediment diameter and density values form a rough estimate of the sediment fractions present in the A Coruña wastewater that are likely to settle; they do not encompass all the sediment present in the influent wastewater.



Initial results for the suspended sediment components of the Exner Equation (17), SSE and SSD, were used to determine the inlet concentration of the Type C sediment fraction for Scenarios 6 and 7. The concentration values obtained and used in the simulations (Table 2) were significantly lower than the measured total suspended solids (TSS) concentrations in the pilot plant experiment. As discussed previously, this is not a cause for concern as SSF is not aiming to model all the sediment in the influent wastewater but only the fraction that is likely to settle. The bedload transport module has no inlet concentration or boundary conditions, instead the bedload transport rate is calculated at each timestep and it has a continuous impact on the deposited bed height through the divergence of the transport rate and the static proportion of sediments in the bed.



The bed heights in the pilot sewer experiments were measured daily for the first four days during both scenarios and once on the seventh day, but only the first four days were modelled in SSF. Even this shortened timeframe would have necessitated very long model run times as the time step for the flow simulation was 0.004 s. However, due to the small magnitude of bed height change over each time step, −1−9 m, it was found that a large scaling factor could be applied to the change in bed height during each time step to speed up the run times with only minor impacts on the final results. The main impact of scaling was a reduced overall stable deposited bed height with little to no change in the deposition pattern. Hence, to speed up the simulation, the change in bed height was scaled to 100 times its value each time step alongside a small increase in the inlet concentrations to counteract the reduced bed height.



SSF was run with the initial boundary conditions (Table 2) and a 100-time scaling of change in bed height until a stable deposited bed was maintained for an equivalent time of around 5 h. This occurred close to the end of the Day 1 in both scenarios and was assumed to be maintained until the end of Day 2. After this, the effects of further bed stabilization due to biological and consolidation effects, which lead to continued deposition in the experiments after Day 2, need to be accounted for. To induce this additional deposition, the maximum bed height for critical Shields parameter scaling, hmax, was changed to the stable deposited bed heights from the end of Day 2. The change in hmax increased the critical Shields parameter for the deposited sediment based on Equation (14). Further, any deposition beyond a maximum bed height, 10 mm for Scenario 6 and 15 mm for Scenario 7, was suppressed to keep the bed height within reasonable limits. Again, SSF was run with the new values of hmax until a stable deposited bed height was maintained for around 5 h, which occurred close to the end of Day 3 and was also used as the deposited bed height value for Day 4.




3.1.3. Results and Discussion


SSF performs reasonably well in replicating the magnitude of average bed height for both Scenarios (Figure 5), especially considering some of the unaccounted uncertainties around variable inflow sediment quantities and sediment consolidation in the pilot plant. The deposition pattern of the sediment bed across the channel for Scenario 6 and 7 was not published or available at the time of this analysis [35]. Based on initial comparisons with the available data, the patterns are similar between the modelled and the experimental scenarios (please refer to Supplementary Material–Text S1 and Figures S1 and S2).



The feedback between increasing deposited bed height and changing flow velocity, is also observed clearly in both Scenarios with increasing maximum flow velocity as the deposited bed height increases (Scenario 7 results in Figure 6).





3.2. Sediment Erosion


The selection of an appropriate case study to validate SSF under erosion conditions proved to be significantly more challenging than in the deposition case. A number of studies detail different erosion scenarios in sewers [18,38,39], but these studies are mainly based on longer stretches of sewers in the field; which limits the quantity and granularity of any of data that is collected. All the case studies have some critical data limitations for flow and/or sediment characteristics, so this section is focused on analyzing the functionality of SSF for erosion scenarios rather than a detailed validation, for which there is insufficient data in the literature at the time of this analysis. Data from the case study of a sewer sediment erosion event in Paris, France induced by flushing through a hydraulic gate is used in the SSF erosion analysis [38]. This case study is a large trunk sewer that is over 3 m in height, consisting of a roughly circular upper two thirds, a roughly rectangular channel (or cunette) in the bottom third, and side walkways along the top of the rectangular channel. There is detailed published information on the sediment characteristics for this case study, but there is limited data available on the flow characteristics and suspended solids concentration during the erosion.



Shahsavari et al. [38] monitored five locations across 1100 m of the trunk sewer in Paris. A total of 10 m of this sewer is modelled in SSF based on a location 5 m after the hydraulic flushing gate, S+5 in Shahsavari et al. [38], which has little to no pipe slope. Further, the area of interest in this case study is the lower rectangular channel of the sewer where the deposition and erosion of sediment occur. Hence, in the SSF model, only this area is meshed to reduce the complexity of the simulation.



3.2.1. Mesh Setup and Flow Initialization


As in the previous deposition case, a 2-D mesh was developed for the erosion analysis using OpenFOAM’s blockMesh utility consisting of 96,000 cells. The 2-D mesh represents a thin central slice of a 10 m section of the rectangular channel at the bottom of the Paris trunk sewer (Figure 7). The height of the actual channel is around 1 m, which was reduced to 0.9 m in the mesh to incorporate a pre-existing deposited sediment bed.



As the flow height during the erosion event is higher than the rectangular channel in the sewer, no free surface between the water and air was modelled. Instead, the mesh was considered as a channel completely filled with water where the top boundary, Slip, is modelled as a patch with a slip boundary condition imposed on most parameters; this makes the Slip patch have little to no impact on the flow velocity and turbulence. The simulation was also initiated with a completely full channel to ensure that no free surface develops. The roughness height of the bed, ks, was increased to 5 mm based on the increased sediment diameters in this case and wall functions were used for all turbulence parameters at the walls. Besides these changes, the other boundary conditions are similar to the previous deposition case. A constant average flow velocity was calculated for the inlet boundary condition based on the available parameters, flow height and volumetric flow rate, and the cross-sectional area of the sewer to represent the peak flow velocity experienced during the flush [38]. However, this value does not consider the impacts of the sewer geometry which are likely to be significant. The calculated value was increased slightly to incorporate the likely higher flow velocities in the narrower lower channel to obtain a final inlet value of 1.8 m/s, representing the peak flow during the flushing. The lack of detailed flow velocity measurements within the channel is a major reason for the inability to use this case study as a complete validation for SSF’s erosion.




3.2.2. Sediment and Deposited Bed Setup


Two sediment fractions, Type A and Type E, were used in the Paris trunk sewer SSF model. Organic Type C sediment is not included in this analysis due to the low measured proportion of organic sediments deposited in the sewer [38]. The measured bed sediment diameter and density measurements from Shahsavari et al. [38] were used to determine the Type A and E sediment characteristics (Table 3). To model the change in composition of the sediment bed during the erosion event, a dynamic proportion of the sediments in the bed is used. An initial uniform 10-cm thick deposited bed is eroded in the model, which is higher than the recorded pre-erosion average value for the sewer section, 5.6 cm, to incorporate for the lack of slope in this section [38]. To include the introduction of Type A bedload sediment during the erosion, the filtering of the bedload component of the Exner Equation (18) to conserve mass was relaxed to allow for increased bedload deposition based on how much time had passed in the simulation.



Using these sediment boundary conditions, five erosion cases (Table 4), Erosion Case (EC) 1 to 5, were modelled to test the sensitivity of the erosion magnitude to the consolidation of the deposited bed and the quantity of suspended sediment introduced to the system, as these parameters play a significant part in the erosion calculations of SSF. The consolidation of the bed was varied by changing the reference critical Shields parameter at the bottom of the deposited bed, θCmax. The inlet suspended sediment concentration of Type E sediment, CE, was varied to change the quantity of suspended sediment in the sewer. A baseline CE value, 40 mg/L, was determined with initial model runs to result in a suspended sediment deposition rate that was less than half the magnitude of the erosion rate. Lastly, as the entire height of the flow is not modelled, the suspended sediment does not settle in a realistic way across the channel. To avoid this issue, SSF was modified so that the inlet suspended sediment does not settle through the impact of Equation (4) and remains constant across the channel. However, any eroded suspended sediment from the deposited bed settles normally. All five erosion cases were run until a stable bed height was achieved.




3.2.3. Results and Discussion


A stable bed height was achieved in all erosion cases in a much smaller period of time, ≈100 s, than during deposition, reflecting the shorter time scales required for bed erosion to take place. During all the erosion cases, the magnitude of erosion drops sharply until it stops completely at around 100 s after which a stable sediment proportion occurred (EC2 results in Figure 8). The dynamic proportion of the sediment fractions in the bed reveals that the majority of eroded sediment from the deposited bed is the suspended Type E fraction (EC2 results in Figure 8), with their proportion in the bed more than halving from an initial value of 0.5 to 0.23 at the end of the EC2 simulation. This is in line with the experimental results, where an increase in average sediment diameter in the deposited bed was seen in the areas around the hydraulic gate after the flush [38]. In the simulation, the eroded suspended sediments were transported in the flow and resulted in a higher concentration of sediment around the bed in proportion to the quantity of sediment eroded. This was also observed in the field results, where increased turbidity was recorded near the bed during erosion [38].



When all the cases had stable deposited beds, the variation in quantity of bed eroded due to the different inlet suspended sediment concentrations was significant (Figure 9a). A three times increase in concentration from 20 to 60 mg/L resulted in about 15% less erosion. The impact of the consolidation multiplier, the magnitude of increase between the reference and the calculated critical Shields parameter, i.e. θCmax/θCo,i, was not as significant, with less than a 2% decrease when it was changed from two to four times the initial critical Shields parameter (Figure 9b). The lack of impact from the bed consolidation multiplier is likely due to the applied Shields parameter from the flow being greater than several times the suspended sediment’s critical Shields parameter combined with the erosion of suspended sediment being the driver for most of the change in bed height. Overall, the quantity of the bed eroded in all the simulated cases, which range between 31% and 44.6% of the bed, is higher than the recorded value in the field, which was around 21% on average for 850 m of sewer after the flushing gate [38]. This indicates that the equivalent inlet sediment concentration and/or consolidation multiplier values used in the simulations probably need to be higher; however, the data limitations for this case study, particularly the velocity patterns in the lower channel, makes it difficult to establish this with any certainty. Overall, although SSF is not validated for a large magnitude erosion event, the initial results do appear to follow the expected patterns of erosion seen in the field and reasonable results can be obtained through the correct selection of simulation parameters.






4. Conclusions


Building on existing methodologies in sewer and surface water sediment modelling, a detailed, local-scale sewer sediment model, SewerSedFoam, was developed in the OpenFOAM CFD platform. Based on the results, SSF appears to be able to model the variation in deposited bed height and morphology in sewers due to multiple sediment classes, particularly during sediment deposition events. The impact of the bed deposition and erosion on flow velocity is also well captured due to the implementation of a dynamic mesh that moves in response to bed deposition and erosion as well as the detailed CFD hydrodynamic flow and turbulence modelling. Further, bed stabilization processes during erosion and deposition with some parametrization have also been implemented through a dynamic critical Shields parameter for all sediment classes.



Flow data is particularly important for SSF to work effectively, especially when the sewer geometry is complex, making velocity hard to estimate from the flow rate. The lack of this and other data in existing sewer erosion case studies made it difficult to validate a large magnitude erosion event in SSF. The development of likely flow erosion and deposition scenarios for use in a ‘typical’ sewer may be a solution to the lack of data in some instances. Future work on SSF can focus on improving some of the modules, particularly in a more comprehensive implementation of sediment stabilization though biofilm development processes. The implementation of multiple bedload sediment classes may also be useful for some case studies with larger and denser sewer sediments. Using an Einstein-type bedload equation with the incorporation of improvements such as a random walk model [40] instead of Equation (5) may be a better option to capture the variability of bedload transport across time. Improvements can also be made to suspended sediment modelling by using techniques such as fractional Advection-Diffusion equations to enhance the modelling of larger suspended sediment particles [41]. Lastly, SSF is quite computationally intensive, resulting in the use of 2-D flow models in all cases thus far; hence, a more detailed analysis on improving the parallelization of the finite area mesh and the computational efficiency of the model can also be undertaken to start utilizing the model with 3-D flow modelling.



Despite these drawbacks, SSF can be used in its current state to estimate the magnitude of excess sediment deposition issues in smaller lengths of sewers. The main field data requirements to use SSF are the average minimum and maximum flow velocity in the sewer, through direct measurement or estimation using flow height and/or flowrate, to model sediment deposition and erosion, respectively. A general ideal of sediment inputs based on location and the catchment can also help to estimate the quantities of the different sediment proportions in the sewer. Information on sewer geometry, such as sewer size and slope, is also critical to construct the computational mesh and initiate SSF models. Even if there is some critical data missing, an approximation can be made using data from literature or a sensitivity analysis can be performed on the impact of different sediment characteristics, as was performed for the sediment erosion scenarios in this manuscript. Both the SSF solver and data files from the case studies presented in this manuscript are available for download (availability detailed in Supplementary Materials Text S2).



With increasing priorities globally on reducing water consumption and increasing water recycling, it is likely that sewers will face a transitionary period of reduced inflows and increased sediment concentrations. The use of modelling tools, alongside field and pilot plant experiments, will play an important part in maintaining the integrity of critical water infrastructure during this period. Hence, models, such as SSF, can play a vital role in this transition by being used in the analysis of any potential excess sewer sediment deposition issues during these transitory periods and ease the overall shift towards more sustainable water systems.
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Figure 1. Illustration of sewer sediment settling, erosion, and transport processes in gravity sewers along with their deposited bed interactions. Descriptions for suspended sediment transport, bedload transport, and bed stabilization processes based on Butler and Davies [13], Butler et al. [10], and Ashley et al. [2], respectively. 
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Figure 2. A flowchart representing the overall framework of the SSF solver and the interactions between the major components, i.e., flow, Suspended Sediment (SS) transport, Bedload (BL) transport, and bed morphology. The green shading indicates initial user inputs, the blue shading indicates processes that occur within the Finite Volume mesh, and the orange shading represents processes in the Finite Area deposited bed mesh. 
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Figure 3. Conceptual diagram of the A Coruña pilot sewer mesh illustrating the boundary definitions and water level. Please note that this diagram is not to scale. 
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Figure 4. Velocity magnitude results at the lower flow area after 1 day of deposition from the A Coruña pilot plant experiments and 6 m from the inlet of the model prior to any deposition occurring. 
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Figure 5. Measured average deposited bed heights from the A Coruña pilot sewer compared to the modelled SSF average deposited bed height for (a) Scenario 6 and (b) Scenario 7. Please note that the modelled deposited heights have been averaged for the entire length of the sewer channel besides the last 0.2 m in which the change in bed height was suppressed. 
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Figure 6. Modelled velocity magnitude 6 m from the inlet of the pilot sewer for Scenario 7 in the initial case, after 2 days of bed deposition, and after 4 days of bed deposition. 
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Figure 7. Conceptual outline of the boundary conditions and mesh representing a section of the Trunk Sewer from Paris. 
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Figure 8. Type A and E sediment proportion in the deposited bed during the EC2 simulation. 
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Figure 9. Quantity of bed eroded at the end of the (a) EC1, EC2, and EC3 simulations and the inlet Type E sediment concentrations used in the simulations and (b) EC2, EC4, and EC5 simulations and the bed consolidation multiplier, the magnitude of increase between the reference, and the calculated critical Shields stress, i.e. θCmax/θCo,i, used in the simulations. 
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Table 1. Description, likely characteristics, and transport method of the three sediment fractions implemented in SewerSedFoam (SSF).
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	Sediment Type
	Description
	Diameter Range (mm)
	Density Range (kg/m3)
	Transport Mode





	A
	Coarse mineral sand and gravel that tends to dominate sewer deposited beds.
	1–6 1
	1600–2000 1
	Transported exclusively as bedload.



	C
	Fine-grained organic sediment in the silt or sand diameter range that tends to form easily eroded deposits on top of Type A sediment. May increase bed cohesion by introducing additional smaller diameter particles in the deposited bed and due to its high organic content.
	0.04–1 1,2
	1000–1200 1,2
	Transported exclusively as suspended sediment.



	E
	Fine-grained mineral sand. May increase bed cohesion by introducing additional smaller diameter particles in the deposited bed.
	0.063–2 1,2
	1600–2000 1,2
	Transported exclusively as suspended sediment.







1 Crabtree [28].2 Ashley and Verbanck [11].
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Table 2. Sediment parameters used in SSF for the A Coruña sediment deposition validation Scenarios 6 and 7.
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Sediment Module

	
Parameter

	
Value






	
Suspended Sediment Transport

	
Type C sediment diameter (dC)

	
75 µm




	
Type C sediment density (ρC)

	
1125 kg/m3




	
Type C sediment inlet concentration (C)

	
Scenario 6: 19.7 mg/L

Scenario 7: 23.5 mg/L




	
Type C sediment mass proportion in bed (PC)

	
0.5




	
Bedload Transport

	
Type A sediment diameter (dA)

	
Scenario 6: 280 µm

Scenario 7: 405 µm




	
Type A sediment density (ρA)

	
Both Scenarios: 1795 kg/m3




	
Type A sediment mass proportion in bed (PA)

	
0.5




	
Deposited bed morphology

	
Bed porosity (n)

	
0.45




	

	
Initial maximum bed height for critical Shields parameter scaling (hmax)

	
2 mm
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Table 3. Sediment module parameters used in SSF for erosion functionality analysis.
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Sediment Module

	
Parameter

	
Value






	
Suspended Sediment Transport

	
Type E sediment diameter (dE)

	
0.2 mm




	
Type E sediment density (ρE)

	
2000 kg/m3




	
Initial Type C sediment mass proportion in bed (PE)

	
0.5




	
Bedload Transport

	
Type A sediment diameter (dA)

	
4.15 mm




	
Type A sediment density (ρA)

	
2317 kg/m3




	
Initial Type A sediment mass proportion in bed (PA)

	
0.5




	
Deposited bed morphology

	
Bed porosity (n)

	
0.41











[image: Table] 





Table 4. Summary of difference in sediment consolidation magnitude, θCmax, and inlet suspended sediment concentration, CE, for the different erosion cases. θCi refers to the final critical Shields parameter calculated using Equation (13) for a sediment fraction i.
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	Erosion Case
	θCmax
	CE





	EC1
	2 × θCi
	20 mg/L



	EC2
	2 × θCi
	40 mg/L



	EC3
	2 × θCi
	60 mg/L



	EC4
	3 × θCi
	40 mg/L



	EC5
	4 × θCi
	40 mg/L











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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