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in Figure 2, Figure 3 and Figure 4. Sides of rain garden are enclosed with vertical acrylic sheet to 

prevent outside flow of water from rain garden. 

 
Figure 2. Rain garden 1 (Flat) 

 
Figure 3. Rain garden 2 (slope 1H:0.3V) 

 
Figure 4. Rain garden 3 (slope 1H:0.6V) 

Experiment 

A cylindrical storage tank of capacity 170 litres is provided near the rain gardens. Watering 

of rain garden is done with a polyvinyl chloride pipe connected to the storage tank (Figure 5). To 

study the effect of slope profile of rain garden on rate of infiltration we will add the same volume 

of water in all the three rain gardens and note time in which the given volume of water infiltrates. 

The rain garden in which water infiltrates quickly is the most suitable profile for the rain garden. 
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Figure 5. Outline of experimental site used for watering of rain garden 

Vegetation in Rain Garden 

Scutch grass (Cynodon dactylon) is planted in all the three rain gardens. The number of grass 

plants in a rain garden is 140. This is the native vegetation of the region. This kind of grass 

requires very less irrigation and is most suitable for rain gardens. Vegetation helps in increasing 

the infiltration rate of soil (Li et al. 2016). Vegetation helps in reducing the volume of water by 

process of evaporation and transpiration (Yuan et al. 2017). 

RESULTS AND DISCUSSIONS 

Soil in Rain gardens 

The initial exploration during construction of rain gardens includes a visual description and 

field soil texture, which recognized the soil as a clayey loam, brown in color. To get the detail 

properties of in-situ soils, additional tests on soil were conducted. The tests conducted on soil 

were not a consideration for location or design of rain gardens; rather, they were solely based on 

the properties of soil that may influence the gardens hydraulic properties. The tests conducted on 

soil were Atterberg limit Particle size distribution. The results of the tests are presented in Table 

1. The soil is found to be a Clayey Sand, as defined in Unified Soil Classification system. 

Table 1. The results of the in-situ soil tests 

Particle Size Distribution Atterberg Limits 

Sand ( 75-425µ ) 54.38% 
Liquid Limit 24.10 % 

Plastic Limit 15.16 % 

Clay ( ≤ 2µ ) 45.62% Plasticity Index 8.93 % 
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During the experiment, the storage tank supplied the water to rain garden. Initially, 50 litres 

of water were added to all the three rain gardens. The discharge was kept 4.54 litres/minute for 

all the three rain gardens. The storage tank was placed 60 cm above the ground. As same volume 

of water is added in all the three rain gardens, time is noted in which the water infiltrates in the 

garden. The results (Table 2) clearly indicate that in flat profile water infiltrates out most 

quickly. The water stands for maximum time in rain garden with slope 1H:0.6V. Standing of 

water leads to mosquito breeding and is aesthetically displeasing. So flat rain garden is most 

suitable profile for a rain garden. 

Table 2. Time consumed in infiltrating 50 litres of water with 8cm height of grass in rain 

gardens 

Observation 
Time of 

observation 

Tempe
rature 

Mean 
discharge 
(litre/min) 

Rain 
garden 1 

(seconds) 

Rain 
garden 2 

(seconds) 

Rain 
garden 3 

(seconds) 

Observation 1 15 Sep 2017 36oC 4.54 600 1320 2700 

Observation 2 10 Oct 2017 33oC 4.54 610 1365 2852 

Observation 3 21 Nov 2017 25oC 4.54 730 1450 3000 

Observation 4 22 Dec2017 22oC 4.54 794 1550 3327 

Observation 5 5 Jan 2017 12oC 4.54 880 1630 3590 

 
Figure 6. Comparative of infiltration rate of rain gardens and effect of temperature on 

infiltration rate 

The curve (Figure 6) clearly indicates that in all the observations, the rate of infiltration is 

maximum in Rain garden 1 and minimum in Rain garden 3. Also, the rate of infiltration of all the 

gardens decreases with decrease in temperature of surroundings and the maximum decrease 

occurs for Rain garden 1. 
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CONCLUSIONS 

The rapid urbanization has become major issues all around the world. Urbanization, besides 

having adverse impacts on hydro-climatic conditions, has led to a rapid increase in the 

impervious area. This seals the upper soil layers and thus generates excessive surface runoff 

causing urban floods. Rain garden, which is considered a low impact development technique, has 

emerged as a solution to the problem of urban flooding. The influence of slope profile on the 

hydrological performance of a rain garden was investigated in this study through laboratory 

experiments considering three rain gardens with different slopes. From the experimental 

observations, it is concluded that the shallow excavated flat profile rain garden planted with 

native grass with no outlet is most suitable for rain garden’s optimal hydrologic performance.  
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ABSTRACT 

As part of the Great Lakes Water Authority’s Water Resource Recovery Facility 
Comprehensive Regional Wastewater Master Plan, computational fluid dynamics (CFD) 

modeling was used to evaluate the performance and capacity of an existing secondary clarifier. 

The hydraulic performance was evaluated using three-dimensional (3D) CFD models, and 

process performance was evaluated using a two-dimensional (2D) CFD model. The clarifier inlet 

configuration is very complex and unique, where flow is conveyed into the circular clarifiers 

from a series of diffuser pipes around the periphery. To accurately represent flow into the 

clarifier from the diffusers, it was essential that the flow through the diffuser be modeled. 

Modeling flow through each of the 73 inlet diffusers and the clarifier simultaneously proved to 

be impractical considering the computational resource requirements. Therefore, two separate 3D 

CFD models were created for a single inlet diffuser and the entire secondary clarifier. The high-

resolution single inlet diffuser model was used to both determine and define the inlet boundary 

conditions of the clarifier model. The velocity field and shear flocculation potential predicted by 

the 3D CFD models were considered as well as the 2D CFD simulations, which included sludge 

characteristics and density currents to predict clarifier process performance and capacity. In this 

paper, the multi-faceted CFD evaluation used to determine the future capacity potential for the 

GLWA WRRF secondary clarifiers will be discussed. Overall, the model results indicated the 

performance of the existing secondary clarifiers would not be compromised with an increased 

surface overflow rate. The paper will detail the approach and results that led to that conclusion. 

INTRODUCTION 

The Great Lakes Water Authority’s (GLWA’s) Water Resource Recovery Facility (WRRF) 
accepts flow from three main interceptors and treats an average of 28.5 cubic meters per second 

(cms) [650 million gallons per day (mgd)] of wastewater. A large portion of the service area is 

served by combined sewers. The peak primary treatment capacity for wet weather flows is 74.5 

cms (1,700 mgd) and the peak secondary treatment capacity is 40.7 cms (930 mgd). Flow in 

excess of the secondary treatment capacity receives primary treatment and disinfection prior to 

discharge. The WRRF began operation in 1940 as a primary treatment facility which provided 

dewatering and incineration of the primary sludge. In the 1970’s, the facility was upgraded to 
provide secondary treatment with an oxygen activated sludge system. Remote facilities were 

installed in the collection system in the 1990’s in order to remove floatables and to provide 
sedimentation and disinfection to combined sewer overflow outfalls prior to discharge to the 

receiving waters. 
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PURPOSE AND OBJECTIVES 

The GLWA WRRF has twenty-five (25) 30.5-meter (200-foot) diameter circular secondary 

clarifiers. As part of ongoing improvements at the facility, GLWA decided to perform an 

evaluation of the current secondary clarifier performance in order to determine if the clarifiers 

could be operated at a higher overflow rate, and in turn, increase the reliability and redundancy 

of the system. The secondary clarifiers were evaluated with a field-testing campaign, as well as 

with three-dimensional (3D) and two-dimensional (2D) computational fluid dynamics (CFD) 

simulations.The purpose of the 3D CFD analysis was to evaluate the flow distribution and 

flocculation potential of an existing secondary clarifier. Figure 1 displays one of the 25 

secondary clarifiers dewatered for inspection and evaluated in the analysis presented herein. 

Flow is conveyed into the clarifiers from a series of diffuser pipes around the periphery. Clarified 

effluent flow passes under the scum baffle and into the effluent troughs. 

The 3D CFD analysis developed a baseline simulation of the existing clarifier to serve as a 

reference for future simulations that would assess clarifier performance after potential 

modifications. The objectives of the 3D CFD analysis were to understand the flow field using 

velocity streamlines, to identify the average velocity gradient or shear flocculation potential, G, 

within the clarifier, and to determine the potential capacity of the clarifier. The purpose of the 2D 

CFD analysis was to predict clarifier effluent total suspended solids (TSS) as a function of 

surface overflow rate (SOR) and predict the return and waste activated sludge concentration as 

well as sludge blanket depth. 

 
Figure 1. GLWA WRRF Secondary Clarifier. 

THEORY 

Inflow uniformity and the potential for re-entrainment of clarified liquid into the influent was 
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evaluated based on comparisons of velocity profiles. It is understood that the highest potential 

for shear flocculation is in areas with a G value within the range of 30 to 70 s-1 (J. A. 

McCorquodale, personal communication, October 24, 2017). Further, WEF Manual of Practice 

No. FD-8 identifies typical G values for flocculation between 10 and 75 s-1 (WEF 2005). G 

values were used to evaluate the energy dissipation and flocculation conditions. The shear 

flocculation potential, G, parameter was used in the analysis. For hydraulic flocculation, the 

average velocity gradient can be calculated by: 

  ,
gh

G
t




   Equation 1 

where ρ is the density (kg/m3), g is the gravitational constant (m/s2), h is the headloss (m), µ  is 

the dynamic viscosity (N-s/m2), and t is the retention time (s) (Bridgeman, Jefferson, and Parsons 

2010). Camp and Stein (1943) also showed that the average velocity gradient can be written in 

terms of power dissipation per unit of mass as: 

  ,G



   Equation 2 

where   is the average power dissipation (m2/s3) and ν is the kinematic viscosity (m2/s). CFD 

provides the ability to investigate G at any point in the model domain substituting the turbulent 

kinetic energy dissipation rate, ε, for   (Bridgeman, Jefferson, and Parsons 2010) which results 

in the following: 

  .G



   Equation 3 

Equation 3 serves as the basis for calculation of G in this analysis. 

 
Figure 2. GLWA Secondary Clarifier Diffuser Model Geometry. 

MODEL METHODOLOGY 

3D CFD Models: The 3D CFD models used for GLWA were developed using Ansys 

Workbench 18.2. This platform includes SpaceClaim to develop the model geometry, Ansys 

Mesher to generate the mesh, Ansys Fluent for model processing and post-processing, and CFD-
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Post for post-processing. The models were setup for a single-phase (water), steady-state analysis 

in order to simulate the flow through the clarifier. The realizable k-ε model was used to model 

flow turbulence (Shih 1995). This turbulence model solves for two separate transport equations: 

turbulent kinetic energy, k or TKE hereafter, and the turbulent kinetic energy dissipation rate, ε. 
The models were run for specified flow rates of 1.3 cms (29 mgd), 1.8 cms (40 mgd), and 2.4 

cms (54 mgd) with a constant return activated sludge (RAS) of 0.3 cms (7 mgd). The secondary 

clarifiers at the GLWA WRRF have a unique inlet geometry due to the peripheral diffuser pipes. 

To accurately represent flow into the clarifier from the diffusers, the flow through the diffuser 

needed to be modeled. Modeling flow through each of the 73 diffusers, and the entire clarifier 

simultaneously, was impractical considering the computational resource requirements. 

Therefore, two separate models were created where the effluent velocity profile from the single 

diffuser model was defined as the influent velocity profile in order to represent each of the 73 

diffusers in the secondary clarifier model. 

3D Single Diffuser Model: Figure 2 illustrates the 3D single diffuser model geometry and 

boundary conditions. The single diffuser model includes an 0.15-meter (8-inch) to 0.41-meter 

(16-inch) eccentric expansion, a 0.41-meter (16-inch) connector pipe, and a 2.13-meter (7.0-foot) 

by 0.76-meter (2.5-foot) elliptical diffuser outlet structure with a minimum radius of 0.76 meter 

(2.5 feet) and a maximum radius of 2.13 meter (7.0 feet). The diffuser outlet structure also 

includes axial and radial diffuser plates and diffuser fillets. The simulations considered 

minimum, average, and maximum flow conditions of 1.3 cms (29 mgd), 1.8 cms (40 mgd), and 

2.4 cms (54 mgd), respectively. The diffuser inlet is treated as a uniform velocity inlet, and the 

outlet is a pressure outlet with a static pressure of 0 pascal. Turbulence boundary conditions are 

prescribed for the hydraulic diameter and turbulence intensity. 

3D Secondary Clarifier Model: Figure 3 illustrates the 3D secondary clarifier model 

geometry, for which the single diffuser model was used to inform the inlet boundary conditions. 

Velocity, turbulent kinetic energy, and turbulent dissipation rate profiles were extracted from the 

diffuser model and prescribed to the diffuser outlet faces within the clarifier domain. The RAS 

effluent boundaries were assumed velocity outlets at the established RAS flow rate. The weir 

effluent boundaries were treated as pressure outlets with a static pressure of 0 pascal. To 

efficiently model the clarifier, geometry simplifications were made to the effluent weir 

configuration. The v-notch weirs along the perimeter of the weir troughs were modeled as sharp-

crested weirs. 

The diffuser piping was included in the clarifier model geometry as a void space in the 

clarifier, since the outlet of the diffuser is the inlet boundary of the clarifier model. Based on 

record drawings, 70 of the 73 diffusers have straight piping and three diffusers have skewed 

piping in order to accommodate the scum collector box. Although the individual diffuser model 

was based on the straight pipe configuration, the effect of the skewed piping on the velocity and 

turbulence fields at the diffuser outlets was considered negligible to the overall hydraulics of the 

clarifier. As such, the profile for the straight diffuser was also used as the boundary condition for 

the skewed diffusers. 

2D CFD Model: 2-Dimensional circular (customized 2Dc, McCorquodale et al. 2005) CFD 

software was used to evaluate the process performance for this analysis. Although this model 

assumes flow through the clarifier is circumferentially invariant, the 3D model indicated three-

dimensional flow especially in the inlet zone, and the 3D CFD models provided an 

understanding of the hydraulic conditions for the actual clarifier. The 2D model provided help to 

visualize the density currents and sludge blanket processes. 
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