Abstract

Sewer systems in cities are an important part of the subterranean infrastructure
that will be important for a long time to come. Due to increased urbanization, major
construction projects generate enormous volumes of construction debris and dust,
having sediment particles which settles on building rooftops, parking lots, highways
and streets. Stormwater sewer inlets, open drains, and gully pots carry sediments
and heavy metals from impermeable surfaces like roadways, parking lots and
building roofs into combined sewers after rainfall and high winds. Smaller sediment
particles move as a suspended load in combined sewers, stormwater sewers, or open
drains, whereas bigger particles roll, slide, and saltate. In summer, when sewers and
open stormwater drainage channels have low water flow, sediment builds up on the
channel bed. Excessive sedimentation reduces the cross-section of open stormwater
drainages and sewer conduits, reducing their flow capacity and causing sewer water
to spill out, causing flooding or waterlogging and environmental nuisance.
Stormwater runoff and sewer water which is often silty, reduce the efficiency of
sewage treatment plant pumps and hydropower dam turbines. Pollutants sticking on
sediment may harm aquatic life and water quality of receiving water bodies.

The sedimentation problem in stormwater sewer channels and drainages has led
to the development and use of sedimentation mitigation devices. In-line combined
sewage detention tanks (CSDT) and grit chambers place strategically along
stormwater channel reaches reduce silt and optimize channel performance.
Unfortunately, grit chambers and in-line CSDTs retain organic material with
sediment particles, which stinks, and sediment particles escape at high velocity.
Slotted sediment invert traps (SITs) reduce particle settling in sewers and
stormwater drains without the downsides of grit chambers and detention tanks,

according to previous research. A sediment invert trap (SIT) is a bucket (closed on



all sides except top) below the channel bottom that traps sediments that fall in. For
assessing the particle trapping performance of SIT, a number of design aspects of
SIT such as the shape of SIT, slot sizes, flow depth, sediment size and tilt of SIT
have been studied earlier by investigators, experimentally and computationally. In
experimental studies, previous investigators have used actual and artificial particles;
in two- and three-dimensional computational analysis, spherical particles have been
considered in the discrete phase model (DPM) of ANSYS Fluent. However, natural
sediments (or sewer sediments) have a non-spherical shape. Earlier investigators
have tested SITs of single horizontal and vertical dimensions; however, variation in
depth, length and width of SITs can affect its particle trapping efficiency. Moreover,
for two-dimensional (2D) and three-dimensional (3D) computational modeling,
previous researchers assumed the lid geometry to be a thin line and a plane,
respectively. A certain thickness of upstream and downstream lids was proven to
exist above the top of the SIT, as shown by the geometry of the actual SIT
demonstrated by Schmitt et al. (1999). In earlier studies, rectangular and trapezoidal
SITs of single depth have been extensively studied through simulation-based
modeling using a fixed lid modeling approach in which an open channel flume was
considered a conduit closed from all sides and flow in it was under pressure. In fact,
the flow in open channels is under gravity and has a distinct free water surface
exposed to the atmosphere.

There is a scope for a study on the design aspects of SITs, such as the shape and
depth of SIT, lid-thickness of SIT, actual shape of sediment particle and
development of empirical particle trap efficiency predictors for predicting the
particle trapping performance of rectangular, irregular hexagonal and trapezoidal
SITs. An experimental as well as computational investigation is needed to study the
effect of the shape and depth of the SIT, the lid-thickness of SIT, and the actual

shape of sediment particles on the particle trap efficiency of the SIT.



This study was started with measurements of velocity distribution in an open
channel and SITs using 2D particle image velocimetry (P1V) experimental set-up to
visualize the velocity vector field and predict sewer sediment settlement, erosion,
and deposition patterns inside slotted rectangular, irregular hexagonal, and
trapezoidal sewer SITs. A three-dimensional simulation-based case study examined
the importance of including lid-thickness (t) and particle shape factor (¢) in
simulation modeling for prediction of particle trap efficiency of SIT. The case study
showed that lid-thickness and particle shape factor significantly affected the particle
trap efficiency of SIT. However, the effect of the particle shape factor was found
more dominant than that of the lid-thickness. After that, a separate extensive
experimental study examined how the shape and depth of SIT, lid-thickness of SIT,
actual shape of sediment particle affects the particle trap efficiency of rectangular,
irregular hexagonal and trapezoidal SITs at three depths of flow, with five sewer
sediment size ranges, and two slot aperture sizes. For experiments, real sewer
sediments collected from the stormwater sewers was used with laboratory-scaled
5m long and 0.15 m wide open channel flume with bottom-fitted slotted SITs. Under
the same conditions and parameters of experimental study, a two- and three-
dimensional computational study was carried out to propose an improved simulation
modeling to bring an improvement in the prediction of particle trap efficiency of
rectangular, irregular hexagonal and trapezoidal SITs by incorporating the thickness
of lids in the simulation model geometry and the particle shape factor of real sewer
sediment particles into the discrete phase model (DPM). The present 2D and 3D
predictions of particle trap efficiency of each SIT was carried out using both
spherical and non-spherical drag laws in DPM. The present simulation studies used
ANSYS Fluent 2020 R1 CFD software, including the volume of fluid (VOF) model,
k-¢ (realizable type) turbulence model, and DPM. Multiple nonlinear regression

analysis was done utilizing Microsoft Excel's generalized reduced gradient (GRG)



solver to develop the empirical trap efficiency predictors for rectangular, irregular
hexagonal, and trapezoidal SITs.

The flow velocities at the central vertical plane of open channel flume obtained
through PIV measurement were in satisfactory agreement with those predicted by
3D-CFD simulations and equation of Yang et al. (2004). Similarly, average flow
velocities in open channel flume measured by the EMF were in satisfactory
agreement with those predicted by 3D-CFD simulations and equation of Yang et al.
(2004). At all flow depths in open channel flume, the magnitude of velocities
measured by the PIV in the SITs was consistently lower than those predicted by 3D-
CFD simulations, in all depth and shape of SITs. Experimental and 2D & 3D
simulated particle trap efficiency of rectangular, irregular hexagonal, and
trapezoidal SITs increased with depth of SIT, but the trend was not uniform for a
specific range of sewer sediment sizes, slot aperture sizes, and flow depths. In 2D
and 3D simulation modeling, using the experimental data of the present study, the
consideration of the lid-thickness (t) in the geometry of the lids and shape factor (¢)
of real non-spherical sewer sediment particles in the DPM model brought 2D and
3D predicted particle trap efficiency closer to experimental findings as compared to
the 2D and 3D predictions with spherical particles which indicates that the proposed
simulation modeling is successfully validated which can be used by hydraulic
engineers as a replacement of experiments to design the SITs for sewer solid
management. Additionally, regardless of spherical and non-spherical drag laws and
lid-thickness, it was found in 2D and 3D simulations that variations in turbulent
Kinetic energy (TKE) in the slot aperture region with variations in the depth of SIT,
depths of flow, and slot aperture size affected the particle trap efficiency of each
SIT. Three-dimensional (3D) simulation modeling outperformed 2D simulation
modeling, with predicted particle trap efficiency values closer to experimental

values. In general, 3D predicted particle trap efficiencies are lower than 2D



predicted particle trap efficiencies which is due to the reason that in case of 3D
simulations, the TKE in the slot aperture region was higher than in the case of 2D
simulations. The 3D predicted average velocity and velocity vector field in an open
channel flume and SITs had been satisfactorily validated with PIV observations.
Hence, it is verified that the selected VOF and realizable k-¢ turbulence models of
ANSYS Fluent CFD software are robust for studying the flow through open channel
flumes with SITs attached below their bottom bed. The free water surface and water
hump formation above the SITs, as tracked by the VOF model, was nearly identical
to what was seen experimentally, indicating successful validation of the numerical
simulations and robustness of the VOF model. The fixed lid model is not capable to
simulate such realistic water surface profiles. Empirical regression models
developed for predicting particle trap efficiency of rectangular, irregular hexagonal,
and trapezoidal SITs performed well in terms of R, R?, and MAPE.

This study concluded that out of the selected three SIT geometries, the overall
best shape of the SIT is rectangular, which yielded maximum particle trap efficiency
(both experimentally and computationally) by trapping the more fraction of
sediment particles in a given sewer sediment size range. Out of the two slot aperture
sizes of 0.15 m and 0.03 m, use of slot aperture size of 0.15 m in the entire range of
depth of SIT (y) covered in the present study provides maximum particle trap
efficiency which can be used by hydraulic design engineers for implementing on the
existing or new storm water sewers and urban open channel drainages. Based on the
careful analysis of the variation of particle trap efficiency with varied depths of
rectangular SIT, sewer sediment size ranges, flow depth and slot aperture size, it is
suggested to use depth of rectangular SIT (y) in the range of 0.38 m <y < 0.65 m
with slot aperture size of 0.15 m and depth of rectangular SIT equal to 0.38 m with
slot aperture size of 0.03 m. The best suitable simulation model for modeling the

flow in an open channel with bottom-fitted SITs is the VOF model.
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