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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 firstly with measurements of velocity distribution in an
open channel and SITs using 2D particle image velocimetry (PIV) 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. Secondly, 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. 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 5 m 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. In the end, multiple nonlinear
regression analysis was done utilizing Microsoft Excel's generalized reduced gradient
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(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 measurements 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. 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. 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 and 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, depth of flow, and slot aperture size
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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 depth of rectangular SIT, sewer
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sediment size range, 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 models for modeling the fluid flow in an open channel

with bottom-fitted SITs is the VOF and k-¢ turbulence models.



IR (ARTR)

Tl # e yonferal YfaTd gRardt e &1 T Agayul fewn § S o ardl o g5y
I% AE@yUl g1 | dgd WEAHRN & BRI, ga fafor ufvaremmg i aen # Hafor aaar
3R Y I BT &, T TaSe & HUEIA § ot SHRG! B Sal, Uik T RIS 3R AT
3R TEH! TR OTHT §1 I & | TR 3R I g8 daB¢ 3R U erqgaft &I 0y aa! o
TS, UIehTT Rl 3R TART &1 Bl & TIHaTER AR 39de, ot Aot $fiR et uie
& I O Igad GaR § @ 91 §| Bl dasc HU Ggad Aavl, erHarex da=l a1 gat
Iferdl 7 wAfes s & ¥U § 9ad §, T9iP g9 HU gehd, haad IR Ivad gl
Iadd g | T H ofF TR SR o WrHdrex S d9dl 8 U1 &1 Yd1g &4 gial g, d o99d
& T IR TASC OTHT 81 9Tdl! § | SHATIP daSC o1 Gl TIHATeR A9 3R HaR ATt &
HI9-JaH DI HH PR Al &, FTHY ITH YaTE &Hdl HH 8l STl 5 3R HIaR 7 Ul S1eR
d ST 7, o8 91 O1 JAHRTg 3R qaiaR oy wEnt gidt g 1 TTHaTeR 3uarg 3R WaR

Tt S SR Megad gidl 8, Yraw SU=R Y43 Udl iR STafdggd atY caig-l o gerdr &t

HY PR a1 ¢ | daSC W RTP Uy Wi Sita 3R et bl Bt STt T[uraw &l T
CREIREE R

wHareR HaR el SR e FeRh # sfadre &1 gayl & SR HIHed AT
IUBRUN BT fIebrd 3R ITUN g1 81 37-aM3 ot Hiaw $T b (@I iR
fire R IUTAS U THATER e &b 1Y AT WA &, S TG Bl HH HId § 3R I
& TS Bl Ipierd Bed &1 gHI I, e Fax iR 37-a137 TSI srdfe uardf &
JAGC HUI & 1Y §TY WA 8, T geq Tt B 3R qase & &0 3= 37 ¥ FHwd o
g1 fU3d My F IUR, Wies AfgHe 37a¢ oW (Tganseh) # ar @it gl gidt ot fire
daR R fede ¢ A gicll § 3R THaMsSl 9gd pYaal ¥ HiaR $fiR wrHarex Aferdi
HUI & STHTT B HH HId ¢ ASHE I7a¢ T (THIMC) Id & I & -iid Th dee
(SR Pl BIgH Ul RE I §¢) gl 3 o 3iex RA ITad Ta3C B! BTt g1 TYATE &

X



HU HIH & UG BT MHAT A & [T, T3NS & P fSons uggsl o &

THSATSC] BT PR, WC BT MPBR, a8 B To8, TS Bl HMHR 3R TAANEE! & FH1d
BT AL b ars gRT Ugd YNGR HHGEIE ¥U ¥ far T g1 uraifie
gt #, fod Simedisll 7 ardfde R $3H Sl o1 U fHar §; - 3R dF-
AT LA fa=adwor &, ANSYS TJUe & feufaic & Arsd (SrdiwA) & Sl o
MeTHR HH T g1 gTales, WHfad dase (A1 WaR ddsd¢e) B ATHR R-MAGR grdl
g1 Ugd Siaddisll A Tohd &fdel 3R iR SATATH & THSHTSC] BT UL&0 i ; grailies,

TS P TTERMS, T8 3R ArsTs H AT SUD!T HUI <Y gefdl HI YHIfad B gl gl
P A, - (RSN IR dH-ME (38 FRHES Arsia & fog, fUsa
SMedistt A fargs ST & HHR: T gt 3@ SR Th Tdal e A T (U d 3R
SRR T8 & te Ff¥a diers Tuemec & MY & FW Age Arfad gs o, o fe
fRAe ge o (33%%) TN vefRid ardfas THensdt ot sanfafa gry fewarar o o1 ugd &
ATl B, Thd TeTs & AAHR R CUNzsd Tqasel &1 fhrots fas Afsfim
=B BT I HP RgAH- ek AR & ey I 98 T9M W ey e

T 8, o d T gd 99a wE &1 9T dR% § §¢ ATl I STar o7 3R $9H UaTg gaTd
& ST 7| IRaa H, G 99l § YdT8 [S@id Ul & i gial § 3R S agHed &
YU B 37 aTclt ofd g gt 3|

T3Sl & SO Ugqsil UR 37T 1 SI3 &, S TH3ME el Bl STbR 3R TES,
THITEd & sy & Hiers, dase $U & aRdfdd MHR AR MaareR, fHafid
TR 3R TUTI3 S THIMES &b HU A P UG BT ATH T HRA P 7Y U
BT STl Gardl HiTIaaISl BT STAYHT | THIMSC! &b HUI AT G&Tdl IR THIMSC! & TR
3R TERTS, THIMEe! & fasyq & Wi 3R dasdc HUI & ardidd HHR & YU &I
3T HIA & T T JANTAS 3R Y § FIGLYd Sid Bl MaRgHhal g |

Xi



T T P LI T Uga U o I 3R Tyameet # 3 fgavor & A9 &
a1y Bt T fY, o 37 Jaer 87 &I WA SR Wies AIAeR, fafid gam=e ok
SOvTsed War THengdt & sigy WaR dawe &l fRAT, &R 3R warg Yo &1 gafgam
T & o 381 URfewd sAT faarRytedt (fengdl) TaTdH® He-30 &1 IyanT fear
AT AT| §9F dT¢ T d-STATH RIgARE-SnemRa ¥ g ¥ THSMS! DI B Ad
I&al & YargaH & fau Rgaws Arsfin § fagy &t 1k (1) iR &7 MTHR FRS (¢)

DI A HRA & Tgd B! ofid B | b §1G, Th 3T ATUD TARTHD T A g bl
% THamEdt &1 PR SR MRS, T3Sl & frsy &) Merg, s U HI ardidd

ATHR fFY dE MgareR, A afid geRm=d iR CUTIasd TH3Tse! B HUl offd gefdT
&I YaATHG PAT &, UaATE I i Tex1s W, U WaR s & PR Af0rl $iR & wiie
TUR PR & Y| FaT & o, wiHarex daxl 9 e f$U e arafas War dasc
BT IYINT TATRITAT-Thd & Y Hiex dd 3R 0.3y Hiex d91g o 99d W 3R died-fhes
WCS TS & 1Y foman a1 o7 | Ui Sieres &1 90T+ =7al $fR HIuds! & dgq,
MATHR, AT TR 3R CUIsSd T3NS Bt HUI ST G&fdl &I SATar o
JYR M & T 3R T dgaR A ArsienT &1 wxdrd o373 & g a- iR - smardt
HIICRAA AT foar a1 o1 ford Rigeiwe died wfafd & sy @t Aers &R
fsafeiic B Alsd (SMUEH) H aRdfd® Td dasC BN & HU MHR BR® (¢) DI
IS fhar 71 U THIMES B HUI OTd &l B gdd 1 3R 387 Higwganforai
Shfier & MAreR 8k R-MATGR ST HTAT BT SUANT HIb Bt T5 | Jaq RgazH

gl § ANSYS WIUE 030 RS HUHE! AlteddR &1 IudNT fovan Tam 7, forad aregH
P WIS (AISNTH) Hisd, k-« (RATTSifad) cgay Aisd iR Srdied 2 g1 sfd
H, PR, A g 3R cUvissd THSHEe! & fu SrgHds Srel gardl
yidegaadisff &1 [AHRd Hx1 & T AN T Rd & oaRidRes Kegvs dfste
(SR FieaR BT ITART HRP Ao Ud ATag-ax KA faeiwor fovar mar 1|

xii



A 9 WH & HA SWeR ad IR Heredt 719 & q1eqd ¥ U UdTe a7 381-
HuwSt RgasE iR i oe o/ (Roo¥) & THIHRU gRT gafgarfad am & 41y
ddveqe U 9 849 Wrd 41 3 @, o 39d wqH | Iaee! amafed wa Hiew
ETHTB) gRT A1G T SId yaTe AT 3S-Humel REaw 3R i ge o, (Roo¥) b
THHRO §RT ATTATG 3T & WY Fdrvo-e €0 3 A9 @ 41 gd 99d FqA § g+
UaTg TeIsdl WR, THefgel &1 At MeRIs SR SR H diefgdl gR1 |G 7T 9N &1
gfvaror 38t -duwe! Rga = gR1 A18 ¢ uRyT0r & &8 Y71 diH-3HrH Rigage-snurikd
&Y AT I Uar Ial fb frgy @) Hiers 3R U1 THR RS - TIATZCT Bt B ATd

G&fdl & He@qul U § gHIfad foran| gralies, HU1 STHR SRS &1 THTE gy &t Aers
&I g H S TUTE U 1| SAATR, A g 3R cUsiised Tasfigel
Bt A 3R T IR 38T Rgaes Hu1 91d gerdl TRl o T8 & Wiy 9¢1, Afdp
e @1 YRy ar dasc PR, Wil TIER ATHR 3R UdTg TaTs i U ARy saan
& o e a8 4t {3 SR 38t A Asfi T #, adur s & YA ® S
&1 IUANT HRd gU, SUITH Aied H aRdfad IR-TMATHR AaR ddS¢ BN & HTHR RSB
(¢) 3R frgg & sy & firs @ /e (1) R R $b HU S1et ceren @t Higwrarf
B TS | ST MR 3T R AT # MATdR Sl & Y S Gl D1 WiTsarorr o
qa ¥ arafa® IR-MATeR SO & A1 T g&dl WRfe s & 09 § off 3

Rl ¢ for gafad Rigare AfsfelT Twadgde [ § ot SUaT g3gifad goit-a
SR1 AR & Ui & w0 # 3R WaR Ueie & I waensgel &1 f$omgd &7 & fg
foar S I 81 39& SifaRed, MAeR 3R IR-MATHR ST BT 3R fagy &t diers
! gRaTg fe fam, RSt iR 38 Rigaxe & uran T fos wWife TR 85 § exgad dreAfed
TS (APps) A feTar T3Sl o MRS, UaTe & M85 3R Wic Uk MHR H fHwd]
& Y T I U0 T3S B S S <ardl Bl gHTfad fbar| 38t Rz Arsfem 3
RS Rigaz ArsfeT ¥ sgar wexiA fhan, s smfd &1 JTa e TaEs &

Xiii



TS G&fdl & B A WA dR WR, 38t YalJar-d &0 offd G&ard 8! gargard &ul
STa gerarstt ¥ &4 g, e sRU g8 § & 33 Rgaz= & ama 8 wWic ok 89 #
AP 3 Rgaw= & arad Bt g | i U1l U G Id U 3R JaBe 39d¢ ey
# 3 Rrgaiee @ srganAa forar mam eigd 97 SR 3 Jaex &7 Mgt sradie-l & Ay
HAee &7 § W fosar 11| SUiiY, a8 9anud § 6 go 9 d W SR 3¢ A
IS & A A TS & ATHH J YATg BT HETT B & a4 ANSYS TJUC Huma!
TUedWR & T dI3iTh 3R NATATSNITT k- Teeld Alsd Tad IUgad § | THIME
& HUR UM B Tdg SR T & I31d HI o, ol o dSNTH Arsd gRI ¢ fodr T

T, TTHAT T &1 YT ST AT 30 ¥ ST 1T T, S ST eh RIgAsE & 9% d garg—

IR d13iuw Arsd &1 ASigd! &1 Yovd odl & | s fors Afea Wt gurdard sia gag

NHISE BT SIHRU B U G&H gl g MIAATHR, AT TR 3R cUviised
TSR] B HUI oA G&dl BT GaJHH T & ford Uarfad fod T srqyasrg uioa
AISd A R, R? 3R MAPE & dey # 3ra1 Uaxi fear|

I YIS R FLLRAA era 3 s faran i gafa & o wmfafa
W, o TaTH Ta9 31T THATECT BT ATHR AAADR &, Sl TaSC B & 3P 3
B HHT AT & T B dH HU ST &l Ut Brait| .84 HITR 3R o.03 HIR BN
& &1 Wiie TR H & 0.8y HIeX & Wilc TUTR MHR BT IUANT IdAM g | =mfid

TS AAAHR TS DI TERTs (y) DI IR g7l § HIHdH B STdl Gafdl UG Bl
2, e Suah grssifere feomsa SSfERY gy Hiser a1 ¢ Trarer iR ik wed
T 99d A9 § 3Ad B AT S bl g1 MIATHR TRl o1 aftrd 7es, drar

JaSe PR AN, UdTg M1 3R Wil TR ATHR & WY HU <Y gerdl b fadl &
YYD [IRAT0 & YR WR, 0.84 HIeX & Wil TUER HTHR & ATY 03¢ <y < 0.§Y4
e &t A 7 TdTeR TH3MMS ST B TS (y) 3R 0.03 HieR F Wilc TR MHR P
Y 0.3¢ Hex & RIS AAADR TS DI TGRS (y) BT STANT B T gd fean

Xiv



a7 g1 Sich-fhes THeEd & WY U gd 94d § UaTg & Hisfa & e g9 Iugad
Rrgere Aied disitw 3R Rararsfifad k-« exga Ared g

XV



Certificate

CONTENTS

Acknowledgement

Abstract

Contents

List of Figures
List of Tables

List of Symbols

List of Abbreviations

Chapter 1
1.0
1.1
1.2
1.3
1.4
1.5

Chapter 2
2.0
2.1
2.2
2.3
2.4

2.5

Introduction

Background and motivation
Research gaps

Research objectives

Research flow chart

Scope of the present research work
Thesis organization

Literature Review

Introduction

Published studies

Urban drainage system

Sewer sediment

Impacts and causes of sewer sediment

2.4.1. Designing combined sewers with hydraulic systems
2.4.2. Re-entrainment of sediments that have been settled
2.4.3. The issue of structural disintegration and odor
2.4.4. The biological consequences

Sewer sediment management and control

2.51. All-inclusive approach

2.5.1.1. Management of solid-source

2.5.1.2. Inline and in-sewer control

2.5.1.3. Medical rehabilitation facilities

2.5.2. Physical or conventional techniques for sewer cleaning
2.5.2.1. Power rodding

2.5.2.2. Balling

2.5.2.3. Jetting

2.5.2.4. The concept of pigging

2.5.2.5. Power bucket

2.5.3. Sewer flushing

2.5.3.1. The process of flushing for sewer cleaning

XVi

XVi
XXili
XXXVii

XXXIX

xliii

14
17
18
19
20

22
23
49
49
49
50
50
50
51
51
51
51
51
52
52
52
53
53
53
53
54
55



2.6
2.7
2.8
2.9
2.10

2.11

2.12

2.13

2.5.3.2. Hydrass gate

2.5.3.3. Hydroself gate

2.5.3.4. A vacuum flushing system BIOGEST

2.5.4. Domestic approaches

2.5.5. Silt and sediment traps

2.5.5.1. Grit chambers, settling tanks and storage tanks

2.5.5.2. Sediment invert traps (SITs) for silt and bed load trapping
2.5.5.3. Superiority of sediment invert trap (SIT) over grit chamber and

storage tank
Particle trap efficiency (Z]) of sediment invert trap (SIT)
Sediment transportation
Sediment
Origin and formation of sediments
Formation of sediments
2.10.1. Physical Weathering
2.10.2. Chemical Weathering
2.10.3. Mechanical Weathering
2.10.4. Organic Weathering
Characteristics of sediment (individual properties)
2.11.1. Sediment size
2.11.1.2. Nominal diameter or equivalent diameter
2.11.1.3. Fall diameter
2.11.1.4. Sedimentation diameter
2.11.1.5. Sieve diameter
2.11.2. Sediment shape
2.11.3. Sediment fall velocity (wg)
2.11.4. Sediment orientation
2.11.4.1. Instantaneous orientation
2.11.4.2. Fabric orientation
2.11.5. Sediment density
Bulk properties of sediments
2.12.1. Particle size distribution
2.12.2. Standard deviation (o)
2.12.3 Mode
2.12.4. Median size dso
2.12.5. Porosity (P)
2.12.6. Specific weight (w)
2.12.7. Angle of repose (y)
Movement of sediment particles in an open channel flow
2.13.1. Incipient motion of sediment particles
2.13.1.1. Competency velocity concept
2.13.1.2. Lift concept

XVii

55
56
57
58
58
59

67

68
69
69
69
70
70
70
70
71
71
71
71
71
72
72
72
73
74
74
75
75
75
75
75
76
76
76
76
77
77
77
78
78



2.14

2.15

2.16
Chapter 3

3.0
3.1

3.2

3.3

2.13.1.3. Critical tractive force concept

2.13.2. Shields analysis

Bed forms

2.14.1. Plane bed without motion of sediment particles
2.14.2. Ripple and dunes

2.14.3. Transition bed forms

2.14.3.1. Plane bed with sediment motion

2.14.3.2. Standing wave

2.14.4. Antidunes

Modes of sediment transport

2.15.1. Bed load transport and saltation

2.15.2. Mechanism of Saltation

2.15.3. Modes of sediment transport defined by subcommittee of AGU
2.15.3.1. Contact load

2.15.3.2. Saltation load

2.15.3.3. Bed load

2.15.3.4. Suspended load

2.15.3.5. Total load

2.15.3.6. Wash load

Sediment transport in urban drainage system

Theory and Computational Fluid Dynamics (CFD)
Formulations of Simulation Models Used in the Present
Study

Introduction

Euler-Euler technique

3.1.1 Volume of fluid (VOF) model
3.1.2 Mixture model

3.1.3 Eulerian model

Formulations of VOF model

3.2.1. The equation of continuity
3.2.3. The equation of momentum
3.2.3. Surface tension prediction

3.2.4. Open channel flow

Turbulence, turbulent flow and turbulence model
3.3.1. Characteristics of turbulent flow
3.3.2. Causes of turbulence in a flow
3.3.3. Types of turbulent flows

3.3.4. Turbulent flow representation
3.3.5. Turbulence model

3.3.6. Turbulence kinetic energy

3.3.7. Functions for the wall treatment

xviii

78
78
79
80
80
81
81
82
82
83
83
84
85
85
85
86
86
87
87
87

89
90
92
92
93
93
94
94
94
95
96
97
100
103
104
106
107
112



3.4

3.5

Chapter 4

4.0
4.1
4.2
4.3
4.4

4.5

4.6

4.7

Chapter 5

5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7

3.3.8. Near wall cell size
3.3.9. Turbulence and its role in particle entrainment

3.3.9.1. Mechanism of suspension of sediment particle due to
turbulence

Discrete phase model (DPM)

3.4.1. One-way and two-way coupling
Meshing

3.5.1. Grid cell quality

3.5.1.1 The orthogonal quality
3.5.1.2. The concept of aspect ratio
3.5.1.3. The concept of skewness

Measurement of Velocity Distribution Inside Open
Channel and Sediment Invert Traps (SITs) Using Two-
Dimensional Particle Image Velocimetry (2D-PI1V)

Introduction

Particle image velocimetry (PIV)

Materials and methodology

Velocity measurement procedure using PIV and apparatus detail

Results and discussion of velocity measurements in open channel
flume

Results and discussion of velocity measurements inside sediment
invert traps at slot size (x) = 0.15m

4.5.1. Velocity variation with respect to depths of SIT
4.5.2. Velocity variation with respect to flow depths
4.5.3. Velocity variation with respect to shape of SIT

Effect of single-pass and multi-pass cross correlation methods on
velocity distribution inside sediment invert traps

Conclusions

Case Study: Significance of Including Lid-Thickness and
Particle Shape Factor in Numerical Modeling for
Prediction of Particle Trap Efficiency of Invert Trap

Introduction

Input data

Mode of sediment movement in flume
Measurement of velocity distribution using 2D PIV
Determination of particle shape factor
Numerical modeling strategies
Geometry creation and grid generation
Numerical models used in this study
5.7.1 VOF model

5.7.2 Realizable k-¢ turbulence model
5.7.3 DPM

XiX

113
113
119

128
124
129
129
129
130
130

132
134
136
137
139

149

154
155
155
155

159

164
168
169
169
171
173
174
176
176
176
177



5.8

5.9

5.10
Chapter 6

6.0
6.1

6.2

6.3
6.4

Chapter 7

7.0
7.1

5.7.4 Model boundary conditions and settings

Results and discussion

5.8.1 Particle trap efficiency of invert trap

5.8.2 Effect of lid thickness

5.8.3 Effect of particle shape factor

5.8.4 Velocity distribution inside irregular hexagonal invert trap
5.8.5 Profile of free water surface

Numerically simulated trap efficiency variation with extra set of
lid thicknesses (t)

Conclusions

Experimental Programme to Measure Particle Trap
Efficiency of Sediment Invert Traps (SITs)

Introduction

Apparatus details

6.1.1 Open channel flume

6.1.2 Sediment invert trap (SIT)

6.1.3 Lids and slot aperture

6.1.4 Sediment injector

6.1.5 Inlet tank

6.1.6 Storage tank

6.1.7 Water pump

6.1.8 Flow meter

6.1.9 Discharge valve

6.1.10 Channel bed slope and it’s changing mechanism
Sediment parameters

6.2.1 Type of sediments

6.2.2 Particle size distribution (PSD) analysis

6.2.3 Specific gravity (G) and density of sewer solid (ps)

6.2.4 Sedimentation parameter (Sp) and sewer sediment particle size
range selection

6.2.5 Sewer sediment shape
6.2.6 Shape factor

Flow Properties
Experimental procedure

Two- and Three-Dimensional (2D and 3D) Simulation
Modeling Set-Up to Predict Particle Trap Efficiency of
Sediment Invert Traps (SITs)

Introduction
Numerical model set-up
7.1.1. Two- and three-dimensional geometry of flow domain

7.1.2. Two- and three-dimensional grid generation for flow domain

XX

179
181
181
183
185
187
188
191

199

201
201
202
202
206
207
207
208
208
208
208
208
209
209
214
215
216

217
220
223
223

227
229
230
238



Chapter 8

8.0
8.1
8.2

8.3
8.4
8.5
8.6
8.7
8.8

8.9
8.10
8.11
8.12

7.1.2.1. Two-dimensional (2D) grid generation
7.1.2.2. Three-dimensional (3D) grid generation

7.1.3. Flow model boundary conditions and parameter settings for 2D
and 3D simulations

7.1.4. Turbulence model boundary conditions and parameter settings
for 2D and 3D simulations

7.1.5. Discrete phase model (DPM) boundary conditions and parameter
settings for 2D and 3D simulations

7.1.6. Solution methods for 2D and 3D simulations
7.1.7. Solution control for 2D and 3D simulations
7.1.8. Solution initialization for 2D and 3D simulations

7.1.9. Residual monitoring and solution convergence criteria for 2D
and 3D simulations

Results, Analysis, Discussions, Comparisons and
Validations

Introduction
Results and Analysis

Discussion and comparison between 2D and 3D predicted
particle trap efficiency of sediment invert trap (SIT)

Effect of depth of flow (Y) on particle trap efficiency of sediment
invert trap (SIT)

Effect of particle shape (in terms of shape factor ¢) on particle
trap efficiency of SIT

Effect of shape of sediment invert trap (SIT) on particle trap
efficiency

Effect of slot aperture size (x) on particle trap efficiency of
sediment invert trap (SIT)

Effect of sediment size on particle trap efficiency of sediment
invert trap (SIT)

Effect of depth of sediment invert trap (y) on particle trap
efficiency of sediment invert trap (SIT)

Particle deposition pattern in sediment invert traps (SITs)
Velocity distribution in sediment invert traps (SITs)
Free water surface profile validation

Velocity validation in open channel flume and sediment invert
traps (SITs)

8.12.1. Velocity validation in open channel flume

8.12.2. Velocity validation inside sediment invert traps (SITs) at slot
aperture size (x) = 0.15 m

8.12.2.1. Rectangular SIT
8.12.2.2. Irregular hexagonal SIT
8.12.2.3. Trapezoidal SIT

8.12.3. Effect of single-pass and multi-pass cross correlation methods
on velocity distribution inside sediment invert traps (SITs)

XXI

238
241
248

249

250

254
256
257
258

259
259
279

285

292

295

295

301

307

316
323
361
368

368
371

373
373
373
376



Chapter 9

9.0
9.1
9.2
9.3
9.4

9.5
9.6

9.7

9.8
9.9
9.10
9.11
9.12

Chapter 10
10.0
10.1

References

Development of An Empirical Regression Model to
Predict Particle Trap Efficiency of Sediment Invert
Traps (SITs) Using Generalized Reduced Gradient
(GRG) Non-Linear Iterative Solver

Introduction

Dimensional analysis

Dimensions

Dimensional homogeneity

Methods of dimensional analysis

9.4.1. Buckingham’s z-method

Dimensional analysis for the present study
Regression analysis and its types

9.6.1. Linear regression

9.6.2. Non-linear regression

9.6.3. Methods of determining regression coefficients

9.6.3.1. Least square method for determining regression coefficients of
linear regression models

9.6.3.2. Least square method for determining regression coefficients of
non-linear regression models

Microsoft Excel SOLVER and Generalized Reduced Gradient
(GRG) method

Regression model performance indicators
Regression analysis for the present study
Sensitivity analysis

Results and discussion

Conclusions

Conclusions and Scope for the Future Study
Conclusions
Scope for the future study

Publications Out of the Present Study

Brief Bio-Data

XX1i

381
381
382
382
382
383
384
387
388
389
391
391

392

393

394
396
408
409
415

417
420

422
455

456



Fig. 1.1

Fig. 1.2

Fig. 1.3
Fig. 1.4
Fig. 1.5

Fig. 1.6

Fig. 1.7
Fig. 2.1
Fig. 2.2
Fig. 2.3
Fig. 2.4
Fig. 2.5
Fig. 2.6a
Fig. 2.6b
Fig. 2.7
Fig. 2.8
Fig. 2.9
Fig. 2.10

Fig. 2.11
Fig. 2.12
Fig. 2.13
Fig. 2.14a
Fig. 2.14b
Fig. 2.15
Fig. 2.16
Fig. 2.17
Fig. 2.18
Fig. 2.19

LIST OF FIGURES

Sediments entering from road into the stormwater drain inlet in 1T
Delhi campus, India (2016)

Movement of sediments in a circular sewer as bed load and suspended
load

Deposited sediments in an unlined irrigation canal
Settled sediment in open rectangular stormwater sewer

Water logging in front of the entrance gate of Kumaon hostel after
rainfall in 11T Delhi campus, New Delhi, India (2019)

Water logging on roads and streets after rainfall in different areas of
New Delhi, India

Research flow chart

An apparatus used by Poreh et al. 1970

Functioning stages of Hydrass gate

Hydroself gate

Flushing gate

Traditional French grit chamber

On-line sewer sediment storage tank

Line diagram of European on-line and off-line storage tanks
A 2D diagram of the French sediment invert trap used in Marseilles
Chart for determination of sphericity of coarse particles
Particle size distribution curve for the sediment

Illustration of Hiding and exposure effects in case of non-uniform
sediments

Shields’ diagram

Ripples

Dunes

Washed-out dunes

Plane bed with sediment motion

Standing wave

Antidune

Processes of erosion, transport and sedimentation
Four illustrated positions of saltating particles

Forces acting on a saltating particle in position 2

Xxiii

18
24
55
56
57
61
63
63
64
73
75
77

79
80
81
81
82
82
83
84
85
85



Fig. 2.20

Fig. 2.21

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

Fig. 3.10
Fig. 3.11

Fig. 3.12
Fig. 3.13

Fig. 3.14

Fig. 3.15

Fig. 3.16

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

4.1
4.2

4.3
4.4

4.5

4.6

Successive positions of saltating particle before it loses contact with the
bed

Definition sketch of the bed & suspended load layer

Profiles of average velocity (i) and turbulent strength (urms) in open
channel

Profiles of average velocity (i) and turbulence strength (ums) in a jet
Turbulence and shear stress over the wall

Turbulence and shear stress in a jet

Turbulence and shear stress in the slot aperture region of SIT
Instantaneous production of turbulence (eddies) in a pipe flow
Generation of eddies due to turbulence in a flow

External wall turbulent shear flows in (a) Open channel (b) Flow past a
step

Internal wall turbulent shear flows in (a) Pipes (b) Bends
Jet which is affected by boundary

Representation of Reynolds decomposition which splits the turbulent
flow properties into a statistical mean and a statistically fluctuating
component

Shields’ diagram

Structure and motion of an eddy in turbulent boundary layer region near
the wall

Turbulent bursting mechanism depicting ejection and sweep; flow is
from left to right and the length of the arrow depicts the relative velocity
in the velocity profiles

Computational vectors for cell orthogonal quality (ANSYS Fluent 2020
R1)

Triangles and quadrilaterals (ideal and skewed)
Working diagram of PIV (rtCam PIV System Manual 2009)

Symbolic diagram showing post processing of PIV software (rtCam PIV
System Manual 2009)

3D diagram of physical model used for PIV measurements

2D PIV measured velocity profiles in open channel flume at average
flow velocity (V) = 0.677 m/s (flow depth, Y = 0.02 m)

2D PIV measured velocity profiles in open channel flume at average
flow velocity (V) = 0.913 m/s (flow depth, Y = 0.04 m)

2D PIV measured velocity profiles in open channel flume at average
flow velocity (V) = 0.975 m/s (flow depth, Y = 0.06 m)

XXV

85

86
98

99
100
100
101
102
102
103

103
104
104

116

120

123

130

131
134
135

138
139

140

140



Fig. 4.7

Fig. 4.8

Fig. 4.9

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.10

4.11

412

4.13

4.14

4.15

4.16

4.17

Fig. 5.1
Fig. 5.2

Fig. 5.3

Vertical streamwise velocity profiles at the centre of the flume at a
distance of 2.5 m from the flume’s inlet at: (a) Y or h = 0.02 m (b) Y or
h=0.04m(c) Yorh=0.06m

Locations at section ZZ at which vertical streamwise velocity was
measured and predicted: (a) Horizontal plan view (b) Vertical cross
section across half of the width of the flume

Vertical streamwise velocity profiles at lateral distances z; to z4 from
the flume’s side wall to the flume’s centre line predicted by Eq. (4.3) at
a distance of 2.5 m from the flume’s inlet: (a) at Y or h = 0.02 m (b) at
Yorh=0.04m(c)atYorh=0.06m

PIV measured velocity vector field at flow depth (Y) = 0.02 m and slot
size (x) = 0.15 m in rectangular SIT of depth: (a) y =0.23 m (b) y = 0.28
m(c)y=0.33m(d)y=0.38m

PIV measured velocity vector field in rectangular SIT of depth (y) = 0.23
m and slot size (x) = 0.15 m at flow depths: (a) Y =0.04 m (b) Y =0.06 m

PIV measured velocity vector field at flow depth (Y) = 0.02 m and slot
size (x) = 0.15 min irregular hexagonal SIT of depth: (a) y = 0.23 m (b)
y=028m(c)y=0.33m(d)y=0.38m

PIV measured velocity vector field in irregular hexagonal SIT of depth
(y) = 0.23 m and slot size (x) = 0.15 m at flow depths: (a) Y = 0.04 m
(b) Y=0.06 m

PIV measured velocity vector field at flow depth (Y) = 0.02 m and slot
size (x) = 0.15 m in trapezoidal SIT of depth: (a) y =0.23 m (b) y = 0.28
m(c)y=0.33m(d)y=0.38m

PIV measured velocity vector field in trapezoidal SIT of depth (y) =0.23
m and slot size (x) = 0.15 m at flow depths: (a) Y =0.04 m (b) Y = 0.06
m

Effect of single-pass and multi-pass cross correlation methods on
velocity vector field and pattern of flow structures with respect to depth
of SIT (y) in rectangular SIT with slot size (x) = 0.15 m at: (a) Y = 0.02
m,y=0.28m¢(b) Y=0.02m,y=0.33m

Effect of single-pass and multi-pass cross correlation methods on
velocity vector field and pattern of flow structures with respect to flow
depth (Y) in rectangular SIT with slot size (x) = 0.15 m at: (a) Y = 0.02
m,y=0.28m(b) Y=0.04m,y=0.28m

3D diagram of physical model used for PIV measurements

SEM and binary images of actual sewer particles in sizes of 150 to 300
pm and 300 to 425 um at 55 times of magnification and 200-mm scale
for particle shape factor determination.

3D geometry of flume, invert trap, and lids created in Space Claim for
numerical modeling with flow depth of 0.01 m

XXV

146

147

148

151

151

152

152

153

153

158

159

169
172

175



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

Variation of TKE along horizontal line between top edges of upstream
and downstream lids: (a) with no consideration of lid thickness (t = 0 m)
and (b) with consideration of lid thickness (t = 0.016 m) (flow is from
left to right)

Particle paths tracked by DPM with Y =0.05 m, x=0.15m, y = 0.28 m,
and t = 0 m (flow is from left to right)

Particle paths tracked by DPM with Y =0.05 m, x=0.15m, y = 0.28 m,
and t = 0.016 m (flow is from left to right)

Velocity vector fields: (a) prediction of Mohsin and Kaushal (2017) with
t = 0 m; (b) prediction of this study with t = 0.016 m; and (c)
measurement in this study with t = 0.016 m with Y = 0.05 m, x = 0.15
m, and y = 0.28 m (flow is from left to right)

Velocity distribution profile in flume at a distance of 2.5 m from flume
inlet at 0.05 m flow depth (flow is from left to right)

Water surface profiles with flow depth of 0.02 m. (a) VOF-predicted
water surface profile witht=0m, (b) VOF-predicted water surface
profile witht =0.016 m, and (c) experimental water surface profile
with t = 0.016 m

Simulated water surface profiles at Y = 0.01, 0.02, 0.03, 0.04 and 0.05
m, X = 0.15 m, y = 0.28 m (a) Without upstream and downstream lid
thickness; t = 0 m (b) With upstream and downstream lid thickness; t =
0.016 m [flow is from left to right]

Variation of simulated particle trap efficiency relative to lid thicknesses
at all five depths of flow with (a) Particle size range R: (b) Particle size
range Rz

Variation of turbulent kinetic energy along the horizontal line between
top edge of upstream and downstream lids (a) with lid-thickness; t =
0.032 m (b) with lid-thickness; t = 0.048 m [flow is from left to right]

Velocity distribution inside invert trap and flume with lid thickness t =
0 m and slot width (x) of 0.15 m at: (a) Depth of flow (Y) = 0.01 m (b)
Depth of flow (Y) = 0.02 m (c) Depth of flow (Y) = 0.03 m (d) Depth of
flow (Y) = 0.04 m (e) Depth of flow (Y) = 0.05 m [flow is from left to
right]

Velocity distribution inside invert trap and flume with lid thickness t =
0.016 m and slot width (x) of 0.15 m at: (a) Depth of flow (Y) = 0.01 m
(b) Depth of flow (Y) = 0.02 m (c) Depth of flow (Y) = 0.03 m (d) Depth
of flow (Y) = 0.04 m (e) Depth of flow (Y) = 0.05 m [flow is from left
to right]

Velocity distribution inside invert trap and flume with lid thickness t =
0.032 m and slot width (x) of 0.15 m t (a) Depth of flow (Y) = 0.01 m
(b) Depth of flow (Y) = 0.02 m (c) Depth of flow (Y) = 0.03 m (d) Depth

XXVi

184

186

186

187

188

189

190

192

193

194

195

196



Fig. 5.16

Fig. 5.17

Fig. 5.18

Fig. 5.19

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

6.1
6.2
6.3
6.4
6.5
6.6
6.7

6.8

6.9

Fig. 6.10

Fig. 6.11
Fig. 6.12a

Fig. 6.12b

of flow (Y) = 0.04 m (e) Depth of flow (Y) = 0.05 m [flow is from left
to right]

Velocity distribution inside invert trap and flume with lid thickness t =
0.048 m and slot width (x) of 0.15 m at: (a) Depth of flow (Y) = 0.01 m
(b) Depth of flow (Y) = 0.02 m (c) Depth of flow (Y) = 0.03 m (d) Depth
of flow (Y) = 0.04 m (e) Depth of flow (Y) = 0.05 m [flow is from left
to right]

Simulated water surface profiles (for extra lid thicknesses) at Y = 0.01,
0.02, 0.03, 0.04 and 0.05 m, x = 0.15 m, y=0.28m (a) With upstream and
downstream lid thickness; t = 0.032 m (b) With upstream and
downstream lid thickness; t = 0.048 m [flow is from left to right]

Particles path tracked by DPM at Y =0.05m, x=0.15m, y =0.28 m and
t = 0.032 m (flow is from left to right)

Particles path tracked by DPM at Y =0.05m, x=0.15m, y =0.28 m and
t = 0.048 m (flow is from left to right)

3D layout of the physical model

Laboratory view of an experimental set-up

View of slot widths (x) and lids over the rectangular SIT

View of slot widths (x) and lids over the irregular hexagonal SIT
View of slot widths (x) and lids over the trapezoidal SIT
Sediment injector (Mohsin and Kaushal 2017)

Sewer sediment sample (SSi1) collection from rectangular open storm
sewer drain (surface drain) located in the residential area in the district
Aligarh, Uttar Pradesh, India (17 Dec. 2018)

Sewer sediment sample (SS;) collection from unlined rectangular open
storm sewer drain (collecting combined sewage flows) located along the
highway side in the district Aligarh, Uttar Pradesh, India (17 Dec. 2018)

Dried sewer sediments of size ranges 0.850 to 425 mm, 0.425 to 0.212
mm and 0.212 to 0.150 mm from sewer sediment sample SS:

Dried sewer sediments of size ranges 0.425 to 0.212 mm and 0.212 to
0.150 mm from sewer sediment sample SS,

PSD of sewer sediment samples SS; and SS»

SEM images of 20 randomly selected sewer sediment particles present
in the size range SS1SR; (850 - 425 um) from sewer sediment sample
SSi at 57x magnification and a 200 pum scale

SEM images of 48 randomly selected sewer sediment particles present
in the size range SSiSR, (425 - 212 um) from sewer sediment sample
SS; at 57x magnification and a 200 um scale

XXVii

197

198

199

199

204
205
206
206
207
207
211

212

213

214

215

218

218



Fig. 6.12c

Fig. 6.13a

Fig. 6.13b

Fig. 6.14

Fig. 7.1a

Fig. 7.1b

Fig. 7.1c

Fig. 7.2a

Fig. 7.2b

Fig. 7.2c

Fig. 7.3

Fig. 7.4

Fig. 7.5

Fig. 7.6a

Fig. 7.6b

Fig. 7.6¢

SEM images of 72 randomly selected sewer sediment particles present
in the size range SSi1SR3 (212 - 150 um) from sewer sediment sample
SS; at 57x magnification and a 200 um scale

SEM images of 6 randomly selected sewer sediment particles present in
the size range SS,SR; (425 - 212 um) from sewer sediment sample SS;
at 55x magnification and a 200 pum scale

SEM images of 10 randomly selected sewer sediment particles present
in the size range SS,SR> (212 - 150 um) from sewer sediment sample
SS; at 55x magnification and a 200 um scale

Flow depth vs discharge curve

The 2D geometry of an open channel flume and rectangular SIT with u/s
and d/s lids for 2D CFD simulations

The 2D geometry of an open channel flume and irregular hexagonal SIT
with u/s and d/s lids for 2D CFD simulations

The 2D geometry of an open channel flume and trapezoidal SIT with u/s
and d/s lids for 2D CFD simulations

The 3D geometry of an open channel flume and rectangular SIT with u/s
and d/s lids for CFD simulations

The 3D geometry of an open channel flume and irregular hexagonal SIT
with u/s and d/s lids for CFD simulations

The 3D geometry of an open channel flume and trapezoidal SIT with u/s
and d/s lids for CFD simulations

Average velocity in an open channel measured by EMF and predicted
by VOF model with k-¢ (realizable) and k-w (SST) turbulence models at
0.02, 0.04 and 0.06 m flow depths (Y) in case of 2D simulation

Quadrilateral mesh of 0.002 m grid/cell size for the whole flow domain
with slot aperture (x) = 0.15m

Average velocity in an open channel measured by EMF and predicted
by VOF model with k-¢ (realizable) and k-w (SST) turbulence models at
0.02, 0.04 and 0.06 m flow depths (Y) in case of 3D simulation

Hexahedral mesh of 0.003 m grid/cell size in the region of the flow
domain from the bottom of the SIT upto the free water surface for 0.02
m flow depth (Y) in one of the cases of rectangular SIT.

Hexahedral mesh of 0.003 m grid/cell size in the region of the flow
domain from the bottom of the SIT upto the free water surface for 0.04
m flow depth (Y) in one of the cases of rectangular SIT.

Hexahedral mesh of 0.003 m grid/cell size in the region of the flow
domain from the bottom of the SIT upto the free water surface for 0.06
m flow depth (Y) in one of the cases of rectangular SIT.
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Particle injection and its movement simulated by DPM in open channel
and rectangular SIT at slot aperture of 0.03 m

Comparison between experimental and numerically predicted trap
efficiencies; (a) 2D simulation with non-spherical particles in DPM (b)
2D simulation with spherical particles in DPM (c¢) 3D simulation with
non-spherical particles in DPM (d) 3D simulation with spherical
particles in DPM [in case of rectangular SIT]

Comparison between experimental and numerically predicted trap
efficiencies; (a) 2D simulation with non-spherical particles in DPM (b)
2D simulation with spherical particles in DPM (c) 3D simulation with
non-spherical particles in DPM (d) 3D simulation with spherical
particles in DPM [in case of irregular hexagonal SIT]

Comparison between experimental and numerically predicted trap
efficiencies; (a) 2D simulation with non-spherical particles in DPM (b)
2D simulation with spherical particles in DPM (c¢) 3D simulation with
non-spherical particles in DPM (d) 3D simulation with spherical
particles in DPM [in case of trapezoidal SIT]

Variation of TKE along horizontal lines (XX, AB, CD, EF, GH) between
top edges of upstream and downstream lids in: (a) 2D simulation (b) 3D
simulation; in rectangular SIT with depth of SIT (y) = 0.38 m, flow depth
(Y) = 0.02 m and slot aperture size (x) = 0.15 m [flow is from left to right].

Variation of TKE along horizontal lines (XX, AB, CD, EF, GH) between
top edges of upstream and downstream lids in: (a) 2D simulation (b) 3D
simulation; in rectangular SIT with depth of SIT (y) = 0.38 m, flow depth
(Y) = 0.04 m and slot aperture size (x) = 0.15 m [flow is from left to right].

Variation of TKE along horizontal lines (XX, AB, CD, EF, GH)
between top edges of upstream and downstream lids in: (a) 2D
simulation (b) 3D simulation; in rectangular SIT with depth of SIT (y)
= 0.38 m, flow depth (Y) = 0.06 m and slot aperture size (x) = 0.15 m
[flow is from left to right].

Variation of experimental and predicted (2D and 3D simulations with
spherical particles in DPM) particle trap efficiencies with varied depths
of flow (Y) at slot aperture x = 0.15 m for all depths of SIT (y) with
sewer sediment size range SS1SR in rectangular SIT

Variation of experimental and predicted (2D and 3D simulations with
non-spherical particles in DPM) particle trap efficiencies with varied
depths of flow (Y) at slot aperture x = 0.15 m for all depths of SIT (y)
with sewer sediment size range SS1SR; in rectangular SIT

Variation of experimental and predicted (2D and 3D simulations with
spherical particles in DPM) particle trap efficiencies with varied depths
of flow (Y) at slot aperture x = 0.03 m for all depths of SIT (y) with
sewer sediment size range SS1SR; in rectangular SIT
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Variation of experimental and predicted (2D and 3D simulations with
non-spherical particles in DPM) particle trap efficiencies with varied
depths of flow (Y) at slot aperture x = 0.03 m for all depths of SIT (y)
with sewer sediment size range SS1SR1 in rectangular SIT

TKE variation along the vertical line at the centre of a 0.23 m deep
rectangular SIT with slot aperture of 0.15 m at flow depths of (a) Y =
0.02m; (b) Y=0.04 m; (c) Y =0.06 m [flow is from left to right]

TKE variation along the vertical line at the centre of a 0.23 m deep
rectangular SIT with slot aperture of 0.03 m at flow depths of (a) Y =
0.02m; (b) Y =0.04 m; (c) Y =0.06 m [flow is from left to right]

Variation of particle velocity with increased depth of flow at slot
aperture (x) = 0.15 m, depth of SIT (y) = 0.23 m, and particle size range
SSiSR; [flow is from left to right]

2D predicted variation of particle trap efficiency with particle shape
(shape factor ¢ = 0.41) in rectangular SIT with sewer sediment size
range SS1SR; at: (a) slot aperture x = 0.15 m (b) slot aperture x = 0.03
m; at flow depth of 0.02, 0.04 and 0.06 m

3D predicted variation of particle trap efficiency with particle shape
(shape factor ¢ = 0.41) in rectangular SIT with sewer sediment size
range SS1SR; at: (a) slot aperture x = 0.15 m (b) slot aperture x = 0.03
m; at flow depth of 0.02, 0.04 and 0.06 m

Experimentally measured and 2D and 3D CFD predicted variation of
particle trap efficiency with slot aperture (x) for sewer sediment size
range SS:SR; at flow depths: (a) Y =0.02m (b) Y =0.04 m (c) Y = 0.06
m (in rectangular SITs of depths y)

Experimentally measured and 2D and 3D CFD predicted variation of
particle trap efficiency with slot aperture (x) for sewer sediment size
range SS:SR; at flow depths: (a) Y =0.02m (b) Y =0.04 m (c) Y = 0.06
m (in trapezoidal SITs of depths y)

Experimentally measured and 2D and 3D CFD predicted variation of
particle trap efficiency with slot aperture (x) for sewer sediment size
range SSi1SR; at flow depths: (a) Y =0.02m (b) Y =0.04 m (c) Y = 0.06
m (in irregular hexagonal SITs of depths y)

Experimentally measured and 2D and 3D CFD predicted variation of
particle trap efficiency with slot aperture (x) for sewer sediment size
range SS1SRj3 at flow depths: (a) Y =0.02m (b) Y =0.04 m (c) Y = 0.06
m (in irregular hexagonal SITs of depths y)

Variation of particle trap efficiency with sewer sediment size ranges at
0.02 m flow depth and 0.15 m slot aperture size: (a) Experimentally
measured (b) Predicted by 2D simulations (c) Predicted by 3D
simulations (in rectangular SITs of depths y)
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Variation of particle trap efficiency with sewer sediment size ranges at
0.02 m flow depth and 0.03 m slot aperture size: (a) Experimentally
measured (b) Predicted by 2D simulations (c) Predicted by 3D
simulations (in rectangular SITs of depths y)

Variation of particle trap efficiency with sewer sediment size ranges at
0.02 m flow depth and 0.15 m slot aperture size: (a) Experimentally
measured (b) Predicted by 2D simulations (c) Predicted by 3D
simulations (in irregular hexagonal SITs of depths y)

Variation of particle trap efficiency with sewer sediment size ranges at
0.04 m flow depth and 0.03 m slot aperture size: (a) Experimentally
measured (b) Predicted by 2D simulations (c) Predicted by 3D
simulations (in irregular hexagonal SITs of depths y)

3D predicted variation of particle trap efficiency with depth of SIT (y)
for sewer sediment size ranges SSiSRi, SSiSR» SSi1SR3 SS;SR;i and
SS,;SR; at a slot aperture of: (a) x = 0.15 m (b) x = 0.03 m; at flow depths
(Y) of 0.02, 0.04 and 0.06 m for rectangular SIT

3D predicted variation of particle trap efficiency with depth of SIT (y)
for sewer sediment size ranges SSiSRi, SSiSR» SSi1SR3 SS;SR;i and
SS,;SR; at a slot aperture of: (a) x = 0.15 m (b) x = 0.03 m; at flow depths
(Y) of 0.02, 0.04 and 0.06 m for irregular hexagonal SIT

3D predicted variation of particle trap efficiency with depth of SIT (y)
for sewer sediment size ranges SSiSRi, SSiSR» SSi1SR3; SS;SR;i and
SS,;SR; at a slot aperture of: (a) x = 0.15 m (b) x = 0.03 m; at flow depths
(Y) of 0.02, 0.04 and 0.06 m for trapezoidal SIT

2D-CFD simulated TKE contours inside rectangular SITs and variation
of TKE along the vertical line at the center of SITs with a slot aperture
size of 0.15 m and a flow depth of 0.02 m in depths of SIT: (a) y = 0.23
m; (b)y=0.28m; (c)y=0.33m; (d)y=0.38m; (e) y=0.43m; (fly =
0.48 m; (g) y=0.53m; (h)y=0.58m; (i) y = 0.65 m; and (j) y = 0.70
m (flow is from left to right)

2D-CFD simulated TKE contours inside irregular hexagonal SITs and
variation of TKE along the vertical line at the center of SITs with a slot
aperture size of 0.15 m and a flow depth of 0.02 m in depths of SIT: (a)
y=0.23m; (b)y=0.28m; (c) y=0.33m; (d) y=0.38 m; (e) y = 0.43
m; (f)y =0.48 m; (g) y =0.53 m; (h) y =0.58 m; (i) y = 0.65 m; and (j)
y = 0.70 m (flow is from left to right)

2D-CFD simulated TKE contours inside trapezoidal SITs and variation
of TKE along the vertical line at the center of SITs with a slot aperture
size of 0.15 m and a flow depth of 0.02 m in depths of SIT: (a) y = 0.23
m; (b)y=0.28m; (c)y=0.33m; (d)y=0.38m; (e) y=0.43m; (fly =
0.48 m; (g) y=0.53m; (h) y=0.58 m; (i) y = 0.65 m; and (j) y = 0.70
m (flow is from left to right)
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Fig. 8.33

Fig. 8.34

Fig. 8.35

Fig. 8.36

Particle deposition patterns for sewer sediment size range SS;1SR; in
rectangular SITs at a flow depth of 0.02 m and slot aperture sizes of (a)
x =0.15m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS1SR; in
rectangular SITs at a flow depth of 0.02 m and slot aperture sizes of (a)
x =0.15m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS1SRs3 in
rectangular SITs at a flow depth of 0.02 m and slot aperture sizes of (a)
x =0.15m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS1SR; in
irregular hexagonal SITs at a flow depth of 0.02 m and slot aperture
sizes of (a) x =0.15 m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS;SR; in
irregular hexagonal SITs at a flow depth of 0.02 m and slot aperture
sizes of (a) x =0.15 m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS1SR3 in
irregular hexagonal SITs at a flow depth of 0.02 m and slot aperture
sizes of (a) x =0.15 m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS;SR; in
trapezoidal SITs at a flow depth of 0.02 m and slot aperture sizes of (a)
x =0.15m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS1SR; in
trapezoidal SITs at a flow depth of 0.02 m and slot aperture sizes of (a)
x =0.15m; and (b) x =0.03 m

Particle deposition patterns for sewer sediment size range SS;SR3 in
trapezoidal SITs at a flow depth of 0.02 m and slot aperture sizes of (a)
x =0.15m; and (b) x =0.03 m

Numerically simulated velocity distribution inside rectangular SIT with
depth of flow (Y) = 0.02 m, channel inlet velocity (V) = 0.677 m/s, and
slot aperture size (x) = 0.15 m

Numerically simulated velocity distribution inside rectangular SIT with
depth of flow (Y) = 0.02 m, channel inlet velocity (V) = 0.677 m/s, and
slot aperture size (x) = 0.03 m

Numerically simulated velocity distribution inside irregular hexagonal
SIT with depth of flow (Y) = 0.02 m, channel inlet velocity (V) = 0.677
m/s, and slot aperture size (x) =0.15m

Numerically simulated velocity distribution inside irregular hexagonal
SIT with depth of flow (Y) = 0.02 m, channel inlet velocity (V) = 0.677
m/s, and slot aperture size (x) =0.03 m
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Numerically simulated velocity distribution inside trapezoidal SIT with
depth of flow (Y) = 0.02 m, channel inlet velocity (V) = 0.677 m/s, and
slot aperture size (x) = 0.15m

Numerically simulated velocity distribution inside trapezoidal SIT with
depth of flow (Y) = 0.02 m, channel inlet velocity (V) = 0.677 m/s, and
slot aperture size (x) = 0.03 m

2D simulated velocity vector field in: (a) Depth of SIT y = 0.23 m (b)
Depth of SIT y = 0.28 m (c) Depth of SIT y = 0.33 m (d) Depth of SIT
y =0.38 m (e) Depth of SIT y = 0.43 m (f) Depth of SIT y =0.48 m (g)
Depth of SIT y = 0.53 m (h) Depth of SIT y = 0.58 m (i) Depth of SIT y
= 0.65 m (j) Depth of SIT y =0.70 m ; at slot aperture size (x) = 0.15 m;
depth of flow (Y) = 0.02 m and channel inlet velocity (V) = 0.677 m/s in
rectangular SIT

2D simulated velocity vector field in: (a) Depth of SIT y = 0.23 m (b)
Depth of SIT y = 0.28 m (c) Depth of SIT y = 0.33 m (d) Depth of SIT
y = 0.38 m (e) Depth of SIT y = 0.43 m (f) Depth of SIT y = 0.48 m (g)
Depth of SIT y = 0.53 m (h) Depth of SIT y =0.58 m (i) Depth of SIT y
=0.65m (j) Depth of SITy =0.70 m ; at slot aperture size (x) = 0.15 m;
depth of flow (Y) = 0.02 m and channel inlet velocity (V) = 0.677 m/s in
irregular hexagonal SIT

2D simulated velocity vector field in: (a) Depth of SIT y = 0.23 m (b)
Depth of SIT y =0.28 m (c) Depth of SIT y = 0.33 m (d) Depth of SIT
y = 0.38 m (e) Depth of SIT y = 0.43 m (f) Depth of SIT y = 0.48 m (g)
Depth of SIT y = 0.53 m (h) Depth of SIT y =0.58 m (i) Depth of SIT y
= 0.65 m (j) Depth of SIT y =0.70 m ; at slot aperture size (x) = 0.15 m;
depth of flow (Y) = 0.02 m and channel inlet velocity (V) = 0.677 m/s in
trapezoidal SIT

3D simulated velocity vector field at flow depth (Y) = 0.02 m and slot
aperture size (x) = 0.15 m in rectangular SIT of depths: (a) y = 0.23 m
(b)y=028m(c)y=0.33m(d)y=0.38m(e) y=0.43m (f) y = 0.48
m(@y=053m(h)y=058m(i)y=0.65m(j)y=0.70 m

3D simulated velocity vector field in rectangular SIT of depth (y) = 0.23
m with slot aperture size (x) = 0.15 m, at flow depths: (a) Y = 0.04 m (b)
Y =0.06 m

3D simulated velocity vector field at flow depth (Y) = 0.02 m and slot
aperture size (x) = 0.15 m in irregular hexagonal SIT of depths: (a) y =
0.23m(b)y=028m(c)y=033m(d)y=038m(e)y=0.43m (f) y
=048m(@)y=053mM)y=058m(i)y=0.65m(j)y=0.70m

3D simulated velocity vector field in irregular hexagonal SIT of depth
(y) = 0.23 m with slot aperture size (x) = 0.15 m, at flow depths: (a) Y =
0.04 m (b) Y=0.06 m
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Fig. 8.54a

Fig. 8.54b

Fig. 8.55a

Fig. 8.55b

3D simulated velocity vector field at flow depth (Y) = 0.02 m and slot
aperture size (x) = 0.15 m in trapezoidal SIT of depths: (a) y = 0.23 m
y=028m((c)y=033m(d)y=0.38m(e)y=0.43m (f) y=0.48
m(@)y=053m(h)y=058m(i)y=065m(j)y=0.70m

3D simulated velocity vector field in trapezoidal SIT of depth (y) = 0.23
m with slot aperture size (x) = 0.15 m, at flow depths: (a) Y = 0.04 m (b)
Y =0.06 m

3D simulated colour-filled velocity contours at flow depth (Y) =0.02 m
and slot aperture size (x) = 0.15 m in rectangular SIT of depths: (a) y =
0.23m (b)y=0.28m(c) y=0.33m (d) y =0.38 m [flow is from left to
right]

3D simulated colour-filled velocity contours in rectangular SIT of depth
(y) = 0.23 m with slot aperture size (x) = 0.15 m at flow depths: (a) Y =
0.04 m (b) Y = 0.06 m [flow is from left to right]

3D simulated colour-filled velocity contours at flow depth (Y) = 0.02 m
and slot aperture size (x) = 0.15 m in irregular hexagonal SIT of depths:
(@Ay=0.23m(b)y=0.28m (c) y=0.33m (d) y =0.38 m [flow is from
left to right]

3D simulated colour-filled velocity contours in irregular hexagonal SIT
of depth (y) = 0.23 m with slot aperture size (x) = 0.15 m at flow depths:
(@) Y=0.04 m (b) Y=0.06 m [flow is from left to right]

3D simulated colour-filled velocity contours at flow depth (Y) =0.02 m
and slot aperture size (x) = 0.15 m in trapezoidal SIT of depths: (a) y =
0.23m (b)y=0.28m(c) y =0.33m (d) y =0.38 m [flow is from left to
right]

3D simulated colour-filled velocity contours in trapezoidal SIT of depth
(y) = 0.23 m with slot aperture size (x) = 0.15 m at flow depths: (a) Y =
0.04 m (b) Y = 0.06 m [flow is from left to right]

3D and 2D simulated and experimentally observed water surface profiles
with slot aperture size (x) = 0.15 m at depths of flow (Y) = 0.02, 0.04,
and 0.06 m, in rectangular SIT of depth (y) =0.23 m

3D and 2D simulated and experimentally observed water surface profiles
with slot aperture size (x) = 0.03 m at depths of flow (Y) = 0.02, 0.04,
and 0.06 m, in rectangular SIT of depth (y) =0.23 m

3D and 2D simulated and experimentally observed water surface profiles
with slot aperture size (x) = 0.15 m at depths of flow (Y) = 0.02, 0.04,
and 0.06 m, in irregular hexagonal SIT of depth (y) =0.23 m

3D and 2D simulated and experimentally observed water surface profiles
with slot aperture size (x) = 0.03 m at depths of flow (Y) = 0.02, 0.04,
and 0.06 m, in irregular hexagonal SIT of depth (y) =0.23 m
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3D and 2D simulated and experimentally observed water surface profiles
with slot aperture size (x) = 0.15 m at depths of flow (Y) = 0.02, 0.04,
and 0.06 m, in trapezoidal SIT of depth (y) =0.23 m

3D and 2D simulated and experimentally observed water surface profiles
with slot aperture size (x) = 0.03 m at depths of flow (Y) = 0.02, 0.04,
and 0.06 m, in trapezoidal SIT of depth (y) = 0.23 m

Vertical streamwise velocity profiles along the flow depth (Y or h) at
the centre of the flume at a distance of 2.5 m from the flume’s inlet,
measured by 2D-P1V, predicted by 3D-CFD simulations and Yang et al.
2004 Eq. (4.3) at flow depths: (a) Y or h =0.02 m (b) Y or h =0.04 m (c)
Y or h =0.06 m

Effect of single-pass and multi-pass cross correlation methods on
velocity vector field and pattern of flow structures with respect to depth
of SIT (y) in rectangular SIT with slot size (x) =0.15 m at: (a) Y = 0.02
m,y=0.28m(b) Y=0.02m,y=0.33 m; with CFD validation

Effect of single-pass and multi-pass cross correlation methods on
velocity vector field and pattern of flow structures with respect to flow
depth (Y) in rectangular SIT with slot size (x) = 0.15 m at: (a) Y = 0.02
m,y=0.28m(b) Y=0.04 m,y=0.28 m; with CFD validation

Spreadsheet showing experimental input data processed according to
non-dimensional independent variables alongwith the measured and
predicted particle trap efficiency of rectangular SIT, prior to the start of
the regression analysis (total data points=96)

SOLVER function dialogue box as a link between the SOLVER function
and the data in the spreadsheet

SOLVER function options for all iterative methods
SOLVER function options for GRG iterative method

Spreadsheet showing the solution of the selected empirical regression
model (predicted particle trap efficiency of rectangular SIT) after the
regression analysis (total data points = 96)

Observed and regression model-predicted particle trap efficiency of
rectangular SIT: (a) model development data set (b) validation data set
(c) error range of model development data set (d) comparison with 3D-
CFD predictions

Observed and regression model-predicted particle trap efficiency of
irregular hexagonal SIT: (a) model development data set (b) validation
data set (c) error range of model development data set (d) comparison
with 3D CFD predictions

Observed and regression model-predicted particle trap efficiency of
trapezoidal SIT: (a) model development data set (b) validation data set
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(c) error range of model development data set (d) comparison with 3D
CFD predictions
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Sp Sedimentation parameter

C, Capillary number

korky, Turbulence kinetic energy

k Von-Karman constant

Vs Vertical distance from channel bed to the free water surface
Y, Vertical distance where velocity is hypothetically zero

y Depth of sediment invert trap (SIT)

|

Length of sediment invert trap (SIT)

b Width of an sediment invert trap (SIT)

X Slot aperture size
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L Characteristic length, Length of the flume

B Width of the flume or open channel

Yorh Depth of flow in open channel

H Depth of the flume
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A Wetted area
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P Pressure

P Porosity
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D Hydraulic diameter
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Average of flow velocity at a point in z-direction

Fluctuating component of mean flow velocity at a point in x-direction
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Geometric mean diameter
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a;, 8, a3 Constants based on Reynolds number R,

Regon Reynolds number based on equivalent spherical diameter of particle
dsph Equivalent spherical diameter (m)

SAsphere Surface area of a sphere with equal volume as that of particle
SAgarticle Surface area of real particle

u,, Ut Terminal fall velocity of particle in fluid

b, (23288-6.4581¢+2.4486¢°)

D2 0.0964 + 0.5565¢

b3 (4:905-13.8944¢+18.4222¢*~102599¢$°)

D4 o (1.4681+12.2584¢~20.7322¢“+15.8855¢°)

Vy, Vy, V, Velocity of fluid in x, y and z-directions

W Specific weight of sediment at the end of T years

w, Webber number

Y Depth of flow in open channel

Vo Thickness of physical viscous sublayer

mp Particle mass
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a, Proportion of volume of primary phase: air

ap Proportion of volume of secondary phase: water
Pp Density of sewer sediment particles used in present study
Pa Density of primary phase: air

Pb Density of secondary phase: water

Or Relative density of the particle in water

Ps Dry density of the sediment

Tuc Non-dimensional critical shear stress

T, Critical shear stress

ToOr Ty, Normal bed shear stress

(o Time of particle relaxation

K Molecular or dynamic viscosity of fluid

Ue Eddy viscosity

P, P Density of fluid
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n Particle trap efficiency of an irregular hexagonal invert trap
Vs Specific weight of the sediment particle
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ADCP Acoustic Doppler Current Profiler
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ASM Algebraic Stress Model

BGM Bounded Gradient Maximization
BSS Bed Shear Stress

CIRIA Construction Industry Research and Information Association
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CFD Computational Fluid Dynamics

CPHEEO Central Public Health and Environment Engineering Organization
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CSO Combined Sewer Overflow

DPM Discrete Phase Model

EMF Electro Magnetic Flowmeter
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FLM Fixed Lid Model
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GGNB Green-Gauss Node-Based

GPT Gross Pollutant Trap
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HP Horse Power
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LSCB Least Squares Cell-Based

MAPE Mean Absolute Percentage Error
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Sediment Invert Trap
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Two-Dimensional
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