New contaminant transport model for urban and natural drainage networks: unsteady advection-reaction-diffusion equation paired with a full dynamic hydraulic model
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RÉSUMÉ

De nombreuses masses d'eau alimentées par des réseaux de drainage urbain sont confrontées à des charges polluantes accrues dues à l'urbanisation et au changement climatique, entraînant une dégradation de la qualité de l'eau et la destruction des habitats aquatiques. Pour faire face à ce problème, les gestionnaires de l'eau ont besoin de modèles intégrés qui simulent avec précision le devenir et le transport des contaminants dans des conditions hydrauliques instables. Dans cette étude, nous développons un nouveau modèle de qualité de l'eau pour les réseaux d'eaux pluviales qui s'associe à un modèle hydraulique dynamique complet basé sur les équations de Saint-Venant. Le nouveau modèle utilise l'équation d'advection-réaction-diffusion et adapte l'algorithme SUPERLINK pour résoudre efficacement la dynamique de la qualité de l'eau dans les grands systèmes de drainage en réseau. Pour vérifier la fiabilité du nouveau modèle, nous comparons les résultats à la fois aux solutions analytiques et au modèle de gestion des eaux pluviales de l'EPA (EPA SWMM). Pour les simulations dans un seul canal, le nouveau modèle démontre des résultats précis et stables à des résolutions spatiales et temporelles fines, tandis que le modèle EPA SWMM montre des limites dans la réplication de la solution analytique. Pour le cas des réseaux de drainage dendritiques, le nouveau modèle montre des résultats similaires au modèle EPA SWMM, mais capture également avec succès le mouvement rétrograde des contaminants dû aux effets de diffusion et de reflux. Conçu pour une utilisation interactive et programmatique, nous nous attendons à ce que le nouveau modèle fournisse un outil fondamental pour la construction de modèles jumeaux numériques de qualité de l'eau qui permettent le suivi en ligne des polluants, des systèmes d'alerte précoce pour les déversements de contaminants et le contrôle en temps réel des infrastructures hydrauliques pour l'atténuation des polluants.

ABSTRACT 1 INTRODUCTION

Many waterbodies face water quality degradation due to excessive nutrients and toxic pollutants carried from urban watersheds. To cope with this problem, physically-based numerical models play a crucial role in understanding, predicting, and managing contaminants in urban drainage systems. Although the EPA SWMM model is widely used for these purposes, it has limitations originating from its simplified water quality model based on a "completely-mixed reactors in the series" approach that ignores diffusion effects. To address these limitations, we develop a novel water quality model based on the unsteady advection-reaction-diffusion (ARD) equation that pairs with the fully physically-based PipeDream hydraulic solver [START_REF] Bartos | Pipedream: An interactive digital twin model for natural and urban drainage systems[END_REF].

METHODS

Computational elements

The new water quality model adapts the SUPERLINK algorithm to efficiently solve the ARD equation in large networks of interconnected links and junctions. Originally derived for the Saint-Venant equations [START_REF] Ji | General hydrodynamic model for sewer/channel network systems[END_REF], this implicit scheme uses a series of recurrence relations to reduce the number of equations that must be solved simultaneously at each time step. Compared to the SWMM model, this numerical scheme has a distinct spatial discretization scheme, consisting of two types of nodes (junctions and superjunctions) and two types of links (links and superlinks), as shown in Fig. 1. 

Governing equation

The new contaminant transport model is based on the ARD equation for unsteady flow conditions:

Where 𝑄𝑄 is flow rate, 𝑐𝑐 is concentration, 𝐷𝐷 is the diffusion coefficient, 𝐴𝐴 is the cross sectional area, 𝑡𝑡 is time, and 𝑥𝑥 is the spatial coordinate, and 𝑘𝑘 is the reaction rate. Based on the computational elements shown in Fig. 1, we derive mass balance relationships for each link and junction (Fig. 2). In superjunctions where multiple superlinks meet, the model considers the sum of the inflow, outflow, and diffusion from all connected superlinks. 

RESULTS AND DISCUSSION

Impact of the spatial and temporal grids on the model results in a simple network

The new model more accurately reproduces the analytical solution to the ARD equation compared to SWMM. Here, we compare the results of both solvers against the analytical solution [START_REF] Runkel | Solution of the advection-dispersion equation: continuous load of finite duration[END_REF], and examine the effect of differing spatial and temporal resolutions on model accuracy. This test considers a contaminant pulse into the upstream end of a rectangular channel (B x H = 3 x 2m) with a 100m length and 0.001 slope. Fig. 3 shows time series of contaminant concentrations at a downstream point (x = 100m). The new model approaches the analytical solution as the spatial and temporal grid sizes are reduced. However, the SWMM model does not ultimately converge towards the analytical solution, instead incurring a delay caused by the 1.167m 2 minimum bottom area of junctions imposed by the SWMM solver [START_REF] Huber | EPA storm water management model, SWMM5[END_REF]. 

Numerical stability by spatial and temporal grid resolution

In addition to more accurately replicating the analytical solution, the new contaminant transport solver also compares favorably to SWMM in terms of its numerical stability due to its implicit scheme. As shown in Table 1, the new solver remains stable for all spatial and temporal discretizations considered, while the SWMM model struggles at large time steps and fine spatial discretizations.

Table 1. Stability test of the new model and EPA SWMM under the various spatial and temporal resolutions

EPA SWMM Δ x Δ t 100m 10m 1m New Model Δ x Δ t 100m 10m 1m 20sec ○ × (unstable) × 20sec ○ (stable) ○ ○ 10sec ○ × × 10sec ○ ○ ○ 5sec ○ ○ × 5sec ○ ○ ○ 1sec ○ ○ ○ 1sec ○ ○ ○ - Cannot be applied under Δ t=1sec 0.1sec ○ ○ ○

Impact of the diffusion coefficient in the new model

Unlike the SWMM solver, the new model accurately represents diffusion effects. To test this capability, we compare the new model against the analytical solution for varying grid sizes and diffusion coefficients (Fig. 4). For fine grid sizes (right), the new model accurately reproduces the results of the analytical solution under all diffusion coefficient values considered. 

Application of the new model to a real-world drainage network

The new solver also accurately models contaminant transport in complex drainage networks. We apply the new model to a real-world drainage network consisting of 11 storage junctions with orifices and 11 conduits. Each storage junction is fed by its own subcatchment, and time series of runoff and sediment inputs are applied to each junction based on a historical storm event. From Fig. 5, the outputs of SWMM and the new model show strong agreement. Additionally, in the new model, we observe retrograde motion of contaminants due to backwater and diffusion effects, which the SWMM model does not capture. 

Enabling digital twins for urban water quality

The new model is specifically designed for online modeling and interactive use, which facilitates the development of future digital twin models for water quality. Specifically, by expressing the system dynamics in state-space form, the new model facilitates real-time sensor data assimilation via Kalman Filtering and application of optimal control techniques for management of contaminants at the network scale. 

CONCLUSION

A novel water quality model based on the unsteady ARD equation is developed for urban and natural drainage networks. Numerical experiments demonstrate excellent agreement with analytical solutions of the ARD equation, while by contrast, SWMM struggles to converge towards the analytical solution, cannot represent diffusion effects, and suffers discretization-dependent instability. Furthermore, the new model shows strong agreement with the SWMM model in a real-world drainage network and is additionally able to capture retrograde contaminant transport due to diffusion and backwater effects. Due to its distinctive software design focused on interactive use, the new solver will facilitate online water quality digital twin models that enable realtime estimation and control of contaminants in urban drainage networks.
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 4 Figure 4. Impact of the diffusion coefficient in the new model with two different spatial and temporal resolutions
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 5 Figure 5. Comparison of the pollutant transport in a real drainage network between the SWMM and the new model
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 6 Figure 6. Summary of the distinctive capabilities of the new model to build digital twin models for water quality

Many water bodies fed by urban drainage networks face increased pollutant loads due to urbanization and climate change, leading to water quality degradation and destruction of aquatic habitats. To cope with this problem, water managers need integrated models that accurately simulate contaminant fate and transport under unsteady hydraulic conditions. In this study, we develop a novel water quality model for stormwater networks that pairs with a full dynamic hydraulic model based on the Saint-Venant equations. The new model uses the unsteady advection-reaction-diffusion equation and adapts the SUPERLINK algorithm to efficiently solve water quality dynamics in large, networked drainage systems. To verify the reliability of the new model, we compare the results both against analytical solutions and against the EPA Stormwater Management Model (EPA SWMM). For simulations in a single channel, the new model demonstrates accurate and stable results at fine spatial and temporal resolutions while the EPA SWMM model shows limitations in replicating the analytical solution. For the case of dendritic drainage networks, the new model shows results similar to the EPA SWMM model, but also successfully captures retrograde motion of contaminants due to diffusion and backwater effects. Designed for interactive and programmatic use, we expect that the new model will provide a fundamental tool for building water quality digital twin models that enable online pollutant tracking, early warning systems for contaminant spills, and real-time control of water infrastructure for pollutant mitigation.
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