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Abstract

Given the current water quality requirements for a stormwater retention pond, the civil and environmental
engineering community requires accurate and efficient methods to explore the sediment removal of
retention ponds. This research studied the use of Computational Fluid Dynamics (CFD) for modeling
sediment retention ponds with comparison of the fluid flow results to in-house experimental data. This
study provided insight on the pond design using single- and two-phase modeling approaches. This research
highlighted the potential of using an Eulerian-Eulerian two-fluid model (TFM) approach, without the
empirical ad hoc relations often used to determine the sediment concentration profile, for modeling flow
and sediment in a new vortex-type pond design. This manuscript-based thesis documented four different

studies.

The first study summarized the fundamental concepts involved in the overall design of stormwater retention
ponds. A comprehensive and in-depth description of different computational methods used in the literature
for modeling stormwater retention ponds was given. Previous applications of CFD to modeling stormwater
retention ponds was critically reviewed. The present position of multiphase modeling in the simulation of

storage ponds was addressed, and possible directions for future development were outlined.

The second study explored the potential of single-phase CFD modeling in a new vortex-type stormwater
retention pond. The flow pattern in a 1:13.3 scale model of the vortex-type retention pond was characterized
and some problematic recirculation zones were identified. The mean and fluctuating velocity fields in the
pond were explored using computational and experimental methods. For the CFD modeling, the 3D
Reynolds averaged Navier-Stokes (RANS) equations together with a k — € turbulence model were solved

using ANSYSS Fluent 19.2. In general, the predictions and measurements were in good agreement.

In the third study, an Eulerian-Eulerian TFM using constitutive equations based on granular kinetic theory,
coupled with a low-Reynolds-number turbulence model, was used to predict the liquid and sediment

transport in an equilibrium channel for fully-developed, steady, dilute flow. The particle-wall boundary



condition was also investigated. The model predictions of the liquid and sediment velocity profiles,
sediment concentration, turbulence statistics and fluctuating particle velocity field were documented against

experimental data from the literature.

In the last study, the TFM was implemented to assess pond performance and to provide insight on the
sediment transport in the vortex-type stormwater retention pond for the case of steady, dilute flow with no
sediment deposition. The model predictions of the liquid and sediment velocity profiles, and sediment
concentration were documented. The study demonstrated the spatial distribution of sediment in the pond:
the recirculation zones documented in the single-phase CFD study were characterized by relatively high

concentrations of sediment.

Overall, the current study demonstrated the application of single-phase CFD in detecting problematic
regions such as low velocity zones and stagnation regions in a new pond design by providing a map of the
flow patterns. This study also showed the application of two-phase CFD in the simulation of fluid and dilute
sediment transport in the same pond as a step towards more comprehensive simulations, which in turn
supports the goal of achieving higher water quality. No sediment deposition was included, which is the next

step in applying the TFM formulation to retention pond studies.



Acknowledgements
First and foremost, | wish to thank my supervisor Professor Bergstrom for his unwavering support and
belief in me. Throughout my PhD journey, | was guided by a wise and kind human with immense

knowledge and plentiful experience. His vision, passion, and sincerity have deeply inspired me.

Then, I would like to thank members of my advisory committee: Dr. Bugg, Dr. Lindenschmidt, Dr. Kells,
and Dr. Hawkes for their insightful comments and suggestions which motivated me to widen my research
in various perspectives. | thank all the University Faculty, employees and technicians, especially Dale
Pavier, who have contributed their expertise behind the scenes, and professionals in the field that have

generously shared their knowledge.

I also gratefully acknowledge the financial support provided by Natural Science and Engineering Research
Council of Canada (NSERC) for this project in the form of a Strategic Project Grant (n0.428778-12), as
well as support from the Department of Civil, Geological, and Environmental Engineering at the University

of Saskatchewan from the devolved scholarship program.

I finish with my family: the source of my energy from back home, Iran. My deep and sincere gratitude to
my mother who taught me to be a strong woman, my father who raised me to always be in the search for
truth, and my brother and sister who are my motivation to live my life to the fullest and make a difference

along the way. | dedicate this milestone to my wonderful family.



Contents

e T Ty o] T (o N U SRR i

A 01 1 (o) TSR ii

ACKNOWIEAGEMENTS ......cuiiie ettt e e sr e s be e b e st e ste et esreenaesresreesee e iv

(00 011101 £ TP TP PPURTPPPRPROPN \

LISE OF TADIES ...ttt st et et sre e re e e viii

LISt OF FIQUIES ..ottt e et e st e e te e besae e b e s te e e e sreareentens iX

NOMENCIALUIE ...ttt bbbt ettt b sttt ne e e Xi

List OF ADDIEVIALIONS ......oouieiiiiiie ettt enaenre s XV

(O T 101 (=1 @ 1TSS 1

1. Introductory remarks and ODJECLIVES ........ceiviiiii e e 1

IS |1 (o T [T 1 o] o PP 1

1.0.0 BACKGIOUN ...ttt bbb bbb 1

1.1.2 Motivation and ChallENQES .........ccueiiiiiiiiiie e e 2

1.2 ObjJECtiVES OF the thESIS .....iiviciiicii et be e enresre e 4

1.3 SErUCIUIE OF the TheSIS....eciiie e e ettt sre e enaenee e 5

1.4 Copyright and author PEIMISSIONS ........cccuiiiiiiiiii ettt sre st besre e e nre e 6

(O T 01 (=T XYY o SR 8
2. Computational Fluid Dynamics Modeling of the Flow and Sediment Transport in Stormwater

REteNtioN PONAS: A REVIEBW ... .ocuiiiieeiiee sttt sttt e e ste e s e besneesaesteeeeneeeneentenres 8

T2 ] o] LSOO 8

N 01 - Vo S SSSPRPORTTR 9

P22 R 1 €T [T [ o S 10

2.2 Application of CFD to modeling liquid flow in stormwater retention ponds.............ccccceveneene. 14

W |V 1Y (g 0T (] (oo V2SRRI 14

2.2. 1.1 TUMDUIBNCE ...ttt ens 14

2.2.1.2 BOUNAArY CONTITION ..ottt 16

2.2.1.3 Residence time DisStribDULIUON ...........ooouiiiiieie e 17

2.2.1.4 Verification and Validation.............cccceeiiiieiiie e e 18

2.2.2 Survey Of SiNgIE-Phase STUTIES .......cc.eviiiiiiiiie s 19

2.3 Application of CFD in modeling sediment transport in stormwater retention ponds ............... 25

2.3.1 The particle tracking MOdel ..........coo i e 26

2.3. 1.1 METNOTOIOQY ... et bbb 26

2.3.1.2 Survey of particle tracking STUTIES..........ccuriiiiiiiiees e 28



2.3.2 The tWO-TIUIA MOGEL....... oottt ettt e sttt e s et e e seb et esebeeeessrrenes 31

2.3.2.1 BACKGIOUNG ...ttt 31

2.3.2.2 SUIVEY OF TFM STUTIES. ......coviiiieieeeeeee s 33

2.4 DISCUSSION ...tttk stttk b kbbbt e st b e btk s bbbt e st e bttt b et sttt enes 36

2.5 CONCIUSTON 1.ttt b etttk bbbttt ettt bt e enes 40

(O aT=T o (=] g o =TSPTSRO STR PR UR PP 42
3. Investigation of a Scale Model Vortex-type Stormwater Retention Pond: A Computational and

EXPEIIMENTAL STUAY ......oiiiiie ettt be et et e ae e b e beesbesbesreebesreeneere e 42

PREAIMDIE ... bbb bbb s bbbt b bbbt r bbb e b n e 42

A 41 1 o) PSSR 42

T80 1 0o 144 o) o S PS 43

3.2 EXPErimental IMOEL..........c.oviiiiiie e et 45

3.3 ComputatioNal MOEL .........coiiiieieeee e 48

3.4 RESUILS QNG DISCUSSION......uieviiiiiiieiiestiesiesieeteeteseeseeste e saestee e steeseesbesseesaesteeneesteeseensesseensenseens 51

3.4. 1 OVErall FIOW PatterN ......c.ciuiiiiiieiieiieieieies ettt sttt st st e 51

3.4.2 Selected VEIOCItY FIElAS........ccoviiiiiiec et st re e e 61

TR T o Tod 131 [ o SR 65

(O T 101 (= gl o 11 | S PPP 67

4.  Application of the Two-Fluid Model to Prediction of Sediment Transport in Turbulent Open

CRANNET FIOW ...ttt ettt ettt e et e s e et e e s et e nae b e nbe e e ens 67

e =T 0] o] [ PSS PRSSR 67

N 0] 1 =T OSSR RP PPN 67

A Yoo [0 od £ o] o OSSOSO S PO 68

4.2 MOCEI EQUBLTONS ...ttt bbbttt ettt b e 72

4.3 MOCEI DESCIIPLION. ...ttt ettt ettt nb b 76

4.4 RESUILS AN ANATYSIS .....ecveeeiiiiieicite ettt sttt e s te st e et e s beeteesbesreenbenteens 79

4.5 CONCIUSIONS. ....covetieiecteie sttt s ettt e st b e e et e s e e st e s e e s e abestentenaeeeneeneas 88

(O aF= o] (=] gl o A TSSO TR TR PP U UR TP 91

5. Two-fluid modeling of sediment transport in a vortex-type stormwater retention pond................ 91

e =T 001 o] L= PSPPSR 91

A 41 1 (o) SR 91

TS0 [ 0 To 144 o) o SR 92

LI 1Y, L 1 g oo (o] o YOS 96

5.3 DesCription Of SIMUIALION............oui ittt eee 100

5.4 ReSUILS @Nd QISCUSSION ....ovreiieiiiie ettt et e st sbe et e besneensesteeneenreenen 102



LRSI OLo] o 1od DTS To] o TR 107

(O g F=T o] =] ST TSP PP PR TR PRTRUR PP 109
6. Concluding remarks and fULUIE WOTK...........cooiiiiiiiiiieieeese s 109
6.1 THESIS SUMMAIY ......eiiiiieeieie sttt re ettt e e et e s e st e s te e besbeese e besaeeseestaensesreetaentenreas 109

6.2 Conclusions and CONTIIDULIONS ..........oouiieiiiiirise e 110

B.3 FULUIE WOTK ...ttt sttt s te e e be s reeeesbeeneeseesteentenreas 111
AAPPEINTIX et b Rttt E b r e r e n e 113
RETEIENCES ...ttt bbb bttt bbb et e s 116

Vil



List of Tables

2.1 Summary of single-phase CFD studies of stormwater retention ponds............ccccoevveivrieninienenenennenns 20
2.2 Summary of particle tracking studies investigated sediment in stormwater retention ponds ............... 28
2.3 Summary of studies used two-fluid modeling in open channel flOWS ... 34
3.1 Calculation of Shields parameters and the threshold particle Size..........ccoviiieieiniiiiee 58
4.1 Numerical simulations of sediment transport using the TFM in open channel flow ..............c..ccc..c..... 71
4.2 Flow conditions for experiment 0f LYN (L987)......c.cci ittt 77
A.L Set Of TFM ClOSUIE BUUALIONS ......c.veiveiieiiecieeie sttt te e ste st saeess e te s e e st e staesaesaeeteebesneesnenreans 113
A.2 Set of sediment phase granular temperature eqUALIONS ............cccveveieiieiieieiiee e se e 113
A.3 Set of liquid phase turbulence modeling EQUALIONS............ccooeiriiiiniiie s 114
A.4 Turbulence Modulation BQUALTIONS ...........cceiiiiiiieii s 114

viii



List of Figures

3.1 Physical scale model (1:13.3) of the VOrtex-type PONd...........cceoveiiiiirineiesceees s 46
3.2 MEaSUIEMENT IOCATIONS .......ueeieiieeeie ettt ettt e sbe e e seeete e besteeneeneeaneeneenee e 48
3.3 Centerline profiles of the tangential velocity component for radial sections (from left to right) 0 and 5
.................................................................................................................................................................... 51
3.4 Total velocity contours (m/s) on a plane parallel to the bed at zh = 0.36 and at specific radial sections
.................................................................................................................................................................... 52
3.5 Plan view of 3D pathlines with color based on: a) total velocity (m/s), and b) residence time (s)....... 52
3.6 3D view of pathlines of water parcels released at a section through recirculation region Il with the
color based 0N reSIAENCE tIME (S) ..vviveeviieeieitiie ettt sttt ettt et e e s besta e b e sbeeteesresreeneenre e 54
3.7 Experimental visualization using dye injection at different times ...........c.ccocevevereinieinis e 56
3.8 Turbulence intensity (T1) contours at z/h =0.36 and 0.95.........ccccveiiiiiiiieieiee e 57
3.9 Contours of the magnitude of the shear stress on the walls of the pond (Pa) ........ccccoovvviiiiiniicnnn 58
3.10 Velocity vectors (experimental) and total velocity contours (simulation) in radial cross-sections in
the circular channel of the pond (SECIONS: 0-8) .......cciciiiiiiiiiiie e 61
3.11 Predictions of streamwise velocity profiles at cross section no. 5 against measurements................... 62
3.12 Jet characterization via vertical and transverse velocity profiles at cross section no. O...................... 63
3.13 Comparison of the CFD predictions and measurements to the logarithmic law of the wall

formulation for a turbulent wall-bounded FIOW...........ccoiiiiiiiiie e 64
3.14 Distribution of Reynolds shear stress, turbulent kinetic energy, and eddy viscosity at the center of

L= To! (0] N T T TSRS 65
4.1 Free surface flow in a sloped 0pen Channel ............cooviiiiiiiiieicc s 77
4.2 Effect of specularity coefficient on the TFM predictions of (a) particle velocity and (b) liquid mean
velocity compared to the experimental measurements of Lyn (1987) for test case #1..........ccocevveveriennnnn 80
4.3 Effect of wall restitution coefficient on the TFM predictions of (a) particle velocity and (b) mean
liquid velocity compared to the experimental measurements of Lyn (1987) for test case #1..................... 81
4.4 Mean liquid velocity fOr teSt Cases #1 aNd #2 ........ccvoiiiiiiiieieeeee s 82

4.5 Comparison of the mean liquid velocity profiles predicted for single-phase and two-phase flow with
the measurements of Lyn (1987) for test Cases #1 and #2 .........cccevviveieiieeiiese e 83

4.6 Comparison of (a) mean particle velocity for test case #1 and #2, and (b) mean particle and liquid
velocity of test case #1 (SHIP VEIOCITY).....c.ooiiiiiiee e 84

4.7 TEM prediction of the sediment concentration profile for cases #1 and #2 compared to the
MEASUrEMENTS OF LYN (L987) ...ttt sttt sttt eseeer e nneereeneenee e 85

4.8 Predicted profiles for (a) the turbulence kinetic energy and (b) the Reynolds shear stress together with
the measuremMeNts OF LYN (1987) ....ovoiiiiiiiiie ettt 86

4.9 TFM predictions for the eddy viscosity in the liquid phase for the single phase and tests cases #1 and
2 et et e e oL et e ettt A e eh e Reeae R et et et et oAt e Rt R e e Rt e ReeRe et et et et eRe e R e e Reeteereetenr et entens 87



4.10 TFM predictions for the (a) granular temperature, and (b) sediment shear stress for test case #1 and

SOOI 88
5.1 Plan view of 3D pathlines with color based on the total velocCity (M/S).......cccccovevviiieiieviecieie e, 95
5.2 Centerline profiles of particle velocity on radial section 0 for inlet volume fraction of 0.025........... 102

5.3 Mean liquid and particle velocity at section 0 at: a) r = 1.2, b) 1.3, and c) 1.4 m for a volume fraction
of 0.01, and d) at r = 1.3 m for volume fractions of 0.01 and 0.025..........cccccovcvrieiiriireienere e 104

5.4 Mean liquid transverse velocity profiles at different depths for a = 0.01 and 0.025 at section 0 ....... 104
5.5 Mean liquid velocity profiles predicted for two bulk volume fractions.............cccceveviiieveieeiesiene 105

5.6 TFM predictions for sediment volume fraction distribution on different horizontal planes (inflow
sediment volume fraction = 0.01) .....cooiiiii i e re s 106



Nomenclature

i

9o,ss

Tracer concentration

Drag coefficient

Empirical constant in the eddy viscosity equation

Empirical constant in the eddy viscosity equation

Empirical constant in the eddy viscosity equation

Particle diameter

Shields critical particle diameter

Pipe diameter

Diffusivity coefficient

Diffusion of granular energy

Sediment grain size for which 16% of the particles are smaller than that size
Sediment grain size for which 50% of the particles are smaller than that size
Sediment grain size for which 84% of the particles are smaller than that size
Residence time distribution

Particle-particle restitution coefficient

Wall restitution coefficient

Gravity vector in i-direction

Radial distribution function

Flow depth at the pond

Kinetic energy

Interphase momentum exchange coefficients in x-components

Interphase momentum exchange coefficients in y-components

Diffusion coefficient for granular energy

Total inflow tracer mass

Mean pressure

Xi



Rx,ls

yls

Re

Generation of granular energy by the sediment stress tensor
Volume Flow rate

Flux of granular temperature at the wall

Radius (horizontal distance from the center of the pond)
Hydraulic radius of the channel

x-component of interaction forces between the liquid and sediment phases
y-component of interaction forces between the liquid and sediment phases
Reynolds number

Reynolds number based on friction velocity

Reynolds number of the particle

Specific gravity

Time

Nominal residence time

Turbulence intensity

x-component of velocity

Shear velocity

Stream-wise velocity fluctuation

Velocity component in i-direction

Velocity component in the j-direction

Magnitude of local mean Stream-wise velocity

Mean velocity component in i-direction

Particle slip velocity parallel to the wall

y-component of velocity

Transverse velocity fluctuation

Velocity

Spatial coordinate in i-direction

Xii



Xj
Z

Greek symbols

Hs col

Hs kin

Spatial coordinate in j-direction

Distance from the pond bed

Volume fraction

Maximum solid volume fraction (packing limit)
Collisional dissipation of energy

Kronecker delta

Dissipation

Granular temperature

Von Karman constant

Sediment phase bulk viscosity

Viscosity

Collisional component of the sediment shear viscosity
Kinetic component of the sediment shear viscosity
Kinematic viscosity

Radial velocity

Eddy viscosity

Vertical velocity

Azimuthal velocity

Density

Empirical constant in the eddy viscosity equation
Shear stress on the on bed

Shear stress at the wall

Specularity coefficient

Energy exchange between liquid and sediment phases

Turbulence frequency
xiii



Subscripts and superscripts
l Liquid phase

s Solid phase

Xiv



List of Abbreviations

ACM

ADV

CFD

DEM

DNS

LDV

LES

PIV

PTV

RANS

RSM

SNR

SST

TKE

TFM

VOF

2D

3D

Adaptive Collision Model
Acoustic Doppler Velocimeter
Computational Fluid Dynamics
Discrete Element Methods
Direct Numerical Simulation
Laser Doppler Velocimetry
Large Eddy Simulation
Particle Image Velocimetry
Particle Tracking Velocimetry
Reynolds Averaged Navier-Stokes
Reynolds Stress Model

Signal to Noise Ratio

Shear Stress Transport
Turbulent Kinetic Energy
Two-Fluid Model

Volume of Fluid
Two-dimensional

Three-dimensional

XV



Chapter One

1. INTRODUCTORY REMARKS AND OBJECTIVES

1.1 Introduction
1.1.1 Background

Excessive sediment discharged into rivers degrades water quality, reduces the lifetime and stability
of downstream structures, and disturbs aquatic life. For many years, stormwater retention ponds have been
used to prevent flooding by using storage. However, they are also recognized as stormwater quality
treatment facilities through sedimentation. Stormwater retention ponds collect the stormwater and keep it
in a permanent pool controlled by the outlet. The sediment in the runoff has time to settle, and the treated
water is released into the river at a rate that prevents flooding and erosion. Even though improvements have
been achieved in the design of stormwater ponds based on sediment removal efficiency, many stormwater
retention ponds still do not meet the sediment removal criteria specified in their local guidelines. In addition,
there is little information on the current operational status and function of retention ponds (Al-Rubaei et al.

2017).

Computational Fluid Dynamics (CFD) is a numerical technique to solve the governing transport
equations that describe the fluid flow and sediment transport in a pond. It can provide comprehensive
information (both spatial and temporal) about the flow characteristics and sediment transport dynamics at
any location within the pond before it is built. CFD is also useful in testing the effect of retrofitting elements
on the performance of existing ponds. At the present time, pond analysis typically ignores the sediment
phase, solves the conservation equations for the liquid phase, and uses an advection-diffusion equation for
a tracer material to investigate sediment retention times. By ignoring the influence of sediment particles on
each other and on the liquid flow field, the single-phase description is strictly limited to flow regions with
low concentrations of sediments. However, stormwater retention ponds function at relatively high sediment
concentrations, especially in the region near the bed where deposition and resuspension occur. Therefore,
a single-phase description is incapable of bringing in important physics of the sediment transport in

1



stormwater retention ponds. Instead, authentic multiphase CFD models are required to explore the sediment

removal capability of stormwater ponds.

Multiphase CFD models can be categorized as either a particle tracking or a two-fluid model
(TFM). In both models the Navier-Stokes conservation equations are solved for the continuous liquid phase
in the Eulerian frame, but the sediment phase is treated differently in each model. In particle tracking
models, the particle trajectories are computed individually based on the Newton’s second law of motion. In
the TFMs, the particle phase is assumed to be a continuum like the liquid phase so that two separate sets of
mass and momentum conservation equations discretized on fixed control volumes are solved for each phase.
The TFM has significant potential as a numerical methodology for predicting sediment transport. However,
it has not been applied to stormwater retention ponds to date. The TFM can be especially favorable for
simulation of large-scale ponds where the number of particles required for particle-tracking becomes

excessive, and the effect of turbulence becomes challenging to model.

1.1.2 Motivation and Challenges

A new vortex-type stormwater retention pond was proposed in a conceptual study by Albers and
Amell (2010). It demonstrated more resistance to the formation of dead zones and short-circuiting currents
than traditional stormwater ponds. The pond structure consists of a circular pool with sloped walls. An inlet
pipe enters the pond at an angle of 30° with the tangent line to the pond circumference. A permanent pool
is maintained by an elevated, closed-top, perforated outlet pipe located at the center of the pond. This central
outlet is surrounded by an annular trapezoidal berm. An opening along the top of the inner wall of the berm
directs the treated water from the main pool towards the outlet. Periodic dredging of settled sediment in
retention ponds is necessary and is a costly part of pond maintenance. It is more cost efficient if the pond
design causes the sediment to settle closer to the outer walls where it is more accessible for maintenance
purposes. The hydrodynamics of the pond creates flow patterns that in turn modify the local sediment

transport.



This research was initially focused on further development of the new vortex-type pond technology
using three-dimensional (3D) computational modeling to assess its effectiveness at improving water quality

through sediment capture. The initial and motivating question for this PhD study was the following:

“Could this new vortex-type pond technology provide better stormwater treatment by allowing the

deposition of sediment particles closer to the outer wall of the pond?”

Accordingly, the following general goals were defined to answer this question:

1) To explore the flow pattern in the pond to see if the fluid velocity was uniform throughout the

pond and ensure that no recirculation zones were present; and

2) To investigate the fluid flow and sediment dynamics to evaluate the spatial distribution of
sediment concentration to determine if the pond promoted the deposition of sediment near the outer wall of

the channel.

Based on a comprehensive and in-depth study of different computational methods used in the literature
for CFD modeling of sediment transport in stormwater retention ponds (provided in Chapter 2), the
objectives of the current PhD thesis are defined in the next section. CFD modeling provides the opportunity
to better understand, evaluate, and design stormwater retention ponds. CFD models have advanced from
single-phase models to multiphase models. The single-phase models assess a pond based on a prediction of
the flow pattern, while multiphase models simulate both the liquid and sediment transport, as well as their
interaction. The multiphase models provide specific information, e.g. spatial sediment concentration, that

a single-phase study cannot.

Given the challenges associated with a full CFD study of both the hydrodynamic flow field and
sediment distribution in a pond, some limitations were required on the scope of the present study. It should
be noted that in this research, only one turbulence model, the two-equation k — € model, was considered.

Furthermore, in terms of sediment transport, only steady and dilute flows without sediment deposition and



resuspension were explored. Within this scope, the study retained the vortex-type pond geometry as the test

case for CFD modeling. Although it used computational models to fully explore the flow field in the pond,

the study stopped short of an attempt to predict the sediment deposition.

1.2 Objectives of the thesis

Considering the context given above, the present thesis research has four incremental objectives:

)

()

©)

To provide a database for validation of the velocity field in a vortex-type pond by three-
dimensional mean and fluctuating velocity measurements: 3D velocity measurements were
conducted in a scale laboratory model of the pond to obtain a more detailed picture of the flow
dynamics, and to provide a comprehensive database for the validation of CFD predictions.
Taking comprehensive flow measurements (e.g. mean and fluctuating velocity components) is
a necessary step towards understanding the pond dynamics.

To model the flow in a vortex-type pond using a single-phase CFD simulation, and to
assess the predictions against the corresponding mean and fluctuating velocity
measurements: To simulate the vortex-type pond, the three-dimensional Reynolds Averaged
Navier-Stokes (RANS) equations together with a k — ¢ turbulence model are solved using
ANSYS Fluent 19.2. The computational predictions provide enhanced knowledge of the
velocity field and flow pattern in this new pond design.

To implement an Eulerian-Eulerian TFM and then to assess the model performance in
fully developed open channel flow against flow and sediment measurements taken from
the literature: To apply the TFM to the vortex-type pond with multiple levels of complexity,
a step-by-step modeling is required. Before applying the model to the vortex-type pond,
different aspects of the TFM should be evaluated in a simpler flow for which experimental data
are available. A fully-developed open channel flow, for which the sediment measurements are
available, is modeled using the TFM. The numerical predictions are compared to measurements

of the velocity and sediment concentration in the channel.
4



(4) To investigate the Eulerian-Eulerian TFM performance for steady flow and dilute
sediment transport in the vortex-type pond: No one has previously modeled sediment
transport in a stormwater retention pond using the TFM. Therefore, the TFM implemented in
ANSYS Fluent 19.2 is applied to the vortex-type stormwater retention pond and the predictions

for the sediment transport are explored.

As described above, this thesis research makes two complementary contributions. It provides
specific insight on the flow features of the new vortex-type pond. It also demonstrates the use of multiphase
CFD modeling to predict the fluid flow and sediment distribution in a retention pond for the case of steady

and dilute flow.

1.3 Structure of the thesis

This thesis adopts a manuscript-based format. In all studies reported in this thesis, the author set up
and performed the simulations, post-processed and analyzed the results, and prepared the first draft of each
manuscript. She then worked with the co-authors to discuss the results presented in each manuscript, and

finalize the content and form of the manuscripts.

This manuscript-based thesis includes six chapters. The four chapters corresponding to the
published manuscripts each have an individual abstract, introduction, methodology, results and discussion,
conclusion, and references. The first chapter (the current one) is a general introduction to the thesis,
describing the motivation and objectives, and giving an outline of the thesis structure. The second chapter
critically reviews a total of 90 journal papers and conference proceedings to give a comprehensive
description of computational methods used in the literature for CFD modeling of sediment transport in
stormwater retention ponds. This work was published in the Journal of Environmental Engineering in 2020
(Ahadi et al. 2020). In the third chapter, flow in the vortex-type stormwater retention pond is characterized
using both experimental and computational results. The measurements provide a comprehensive data base

for CFD validation of the mean and fluctuating velocity fields in the stormwater retention pond. The
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computational predictions provide enhanced insight as to the flow pattern. The measurements and CFD
results together are used to obtain a detailed picture of the flow dynamics in the vortex-type pond. In the
fourth chapter, the capability of the TFM for predicting sediment transport in a dilute flow is assessed using
a fully-developed open channel flow for which experimental measurements are available in the literature.
This flow regime is similar to the flow in the fully developed region of the pond downstream of the jet area.
The TFM methology elements, e.g. effect of particles on the turbulence field, and particle-particle and
particle-wall boundary conditions, are further explored. In the fifth chapter, the TFM implemented for open
channel flow in Chapter 4, is applied to the vortex-type stormwater retention pond to simulate the sediment
dynamics. Finally, the conclusions and recommendations for future work are presented in the sixth chapter.
Chapter 6 also includes a comprehensive set of references, in addition to those given in the individual

chapters.
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Chapters 2 through 4 of this thesis consist of manuscripts that are published or are currently under
review, while Chapter 5 represents the content of a conference paper. The appropriate manuscript citations
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Chapter Two

2. COMPUTATIONAL FLUID DYNAMICS MODELING OF THE FLOW AND SEDIMENT
TRANSPORT IN STORMWATER RETENTION PONDS: A REVIEW

A similar version of this chapter has been published as:

. Ahadi, M., Bergstrom, D., & Mazurek, K.A. (2020) Computational Fluid Dynamics
Modeling of the Flow and Sediment Transport in Stormwater Retention Ponds: A Review, Journal of
Environmental Engineering, 146(2).

Preamble

Reviewing a total of about 90 journal papers and conference proceedings, this paper briefly
introduces the fundamental concepts associated with the overall design of stormwater retention ponds.
Then, it gives a comprehensive description of different computational methods used in the literature for
modeling stormwater retention ponds. The paper critically reviews the application of Computational Fluid
Dynamics (CFD) to modeling the stormwater retention ponds. Given the current water quality requirements
for a stormwater retention pond, this information would be of significant value to the civil and
environmental engineering community. This study also aims to help new researchers in the field understand
the opportunity of CFD to fill current research gaps, e.g. the effects of flow-sediment and sediment-

sediment interactions.

CFD modeling provides the opportunity to better understand, assess, and design stormwater
retention ponds. CFD models have advanced from single-phase models that assess a pond based on the flow
pattern prediction, to multiphase models that simulate both the liquid and sediment transport, as well as
their interaction. The single-phase description is strictly limited to flow regions with low concentrations of
sediments, since the influence of sediment particles on each other and on the flow field are neglected.
However, stormwater retention ponds can function at high sediment concentrations, especially in the region
near the bed where deposition and resuspension occur. In high concentration regions, particle collisions and
frictional contact are the dominant mechanism of sediment transport and can no longer be neglected. The
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paper represents a potentially beneficial two-phase CFD model which has not been applied to stormwater

ponds, yet.

Abstract

This paper reviews the application of Computational Fluid Dynamics (CFD) to numerically model
the two-phase flow of water and sediment in the complex environment of a stormwater retention pond. The
review is intended to draw the attention of the hydraulic engineering community, specifically those involved
in pond design, to recent advancements in computational modeling of sediment transport in ponds. It
provides an up-to-date survey of current simulation capability, focusing on the potential of fully three-
dimensional methods for solving sediment transport in complex pond flows. An additional goal of this
paper is to alert new researchers engaged in stormwater retention pond design to the research opportunities

presented by CFD.

Even though pond configurations have become more complex to improve their performance, many
studies have continued to rely solely on single-phase models. At the present time, unsteady three-
dimensional two-phase models are becoming available to study these problems. Of the multiphase models
that might be considered, the particle tracking (Eulerian - Lagrangian) method and the two-fluid (Eulerian-
Eulerian) method both are potentially applicable to modeling sediment transport in pond-type flows. To
date, only the particle-tracking method has been applied to stormwater retention ponds. The two-fluid
method is capable of simulating sediment transport in retention ponds. It would be advantageous for
simulation of large-scale ponds, where the number of particles required for particle-tracking becomes
excessive. Currently, fully three-dimensional CFD methods are being successfully used to model a variety
of multiphase flows in mechanical and chemical engineering, as well as some specific applications in
hydraulic engineering. Its application to predict sediment transport in a retention pond shows significant

promise, especially when the effect of turbulence becomes challenging to model.



2.1 Introduction

Growing urbanization, along with the increasing presence of impermeable surfaces, has led to
increasing problems with stormwater runoff from urban areas (Barbosa et al. 2012, Yan 2013). Urban
stormwater runoff causes frequent downstream flooding (Aryal et al. 2010, Barbosa et al. 2012). It also
degrades water quality in receiving streams (Khan et al. 2009, Spencer et al. 2011, Yan 2013. Gu et al.
2017). Urban runoff has been observed to contain sediment, nutrients, pesticides, garbage, emission

deposits from vehicles, metals, and bacteria (Kantrowitz and Woodham 1995).

Sediment is a concern in receiving waters because of the potential negative impacts on the aquatic
ecosystem, e.g. fish (Kjelland et al. 2015). In the U.S., 40% of assessed river miles were found to be
threatened by excessive sediment (USEPA 1998). Water quality criteria are periodically published by states
governments, e.g. the North Carolina Department of Environment, Health, and Natural Resources (1995)
required an 85% reduction in suspended solids for retention ponds. In Canada, after finding that stormwater
discharged into the Bow River from the city of Calgary contributed about 10 times more total suspended
solids to the river than its sewage treatment facilities (City of Calgary 2011), the municipal government
instituted a policy that their stormwater retention ponds must provide a minimum of 85% removal of total
suspended solids for particle sizes equal to 50 um or larger (City of Calgary 2011). In the province of
Ontario, stormwater management facilities are required to meet the water quality objectives of the average
removal of 80, 70 and 60% of suspended solids in the total runoff volume for “enhanced,” “normal” and
“basic” protection levels, respectively (Ontario Ministry of the Environment 2003). Currently, some
Canadian cities are required to report to their regulators the total pollutant loadings produced from their
drainage areas (City of Edmonton 2008). These municipalities further anticipate that in the future they will

also be required to control the pollution produced within their boundaries (City of Edmonton 2008).

Stormwater retention ponds, or wet ponds, are a commonly-used solution for controlling the

damaging impacts of stormwater runoff (Yousef et al. 1994, Khan et al. 2009, Yan 2013., Gu et al. 2017).
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They were initially developed to prevent flooding through storage, but have also demonstrated effectiveness
at improving water quality and are known to capture sediment (Wu et al. 1996, Khan et al. 2009). Wet
ponds are now widely used for the purpose of improving water quality (Wu et al. 1996, Comings et al.
2000, German and Svensson 2005, Gu et al. 2017). A retention pond consists of a permanent pool created
by an outlet structure set at a higher elevation than the pond bed to control the release to receiving waters
(Weiss et al. 2007, Yan 2013, Arnold et al. 1993). The permanent pool stores rainfall until it is displaced
by runoff from the next storm event (Yan 2013, Gillis et al. 2015). The permanent pool typically has a depth
between 0.5 - 2 m and a surface area between 100 - 10,000 m? depending on the watershed size it is intended

to treat (Persson 2000). Sediment is removed by the pond through sedimentation.

Traditionally, stormwater retention pond design has used “rules of thumb” and experience from
previous ponds, with minimal consideration of the hydraulic design of the pond (Khan et al. 2012). For
example, current Canadian design standards for stormwater retention ponds tend to provide guidelines for
the pond volume, maximum water levels, active storage detention times, minimum width-to-length ratios,
and depths for permanent and active storage in the ponds. For example, according to the City of Saskatoon
(2018), a wet pond should have a length-to-width ratio of 4:1 to 5:1 with a maximum depth of 1.8 m. The
traditional method of designing stormwater ponds may lead to problems with short-circuiting and dead
zones, which reduce a pond’s effectiveness at removing contaminants by reducing the effective treatment
volume of the pond (Shaw et al. 1997, Pettersson et al. 1998). Altering the flow pattern to eliminate dead
zones is known to result in improved removal efficiencies for contaminants (Pettersson et al. 1998). For
example, some studies have tried retrofitting modifications such as adding baffles (e.g., Van Buren 1994,

Persson 2000, Thaxton et al. 2004, Gu et al. 2017).

The sediment removal efficiency of a pond is determined from sediment concentration samples
collected at its inlet(s) and outlet(s), i.e. the percent of sediment mass entering the pond that is captured. It

is typically calculated based on either a specified period called the load-based sediment removal efficiency,
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or a storm event called the event-based sediment removal efficiency. Weiss et al. (2007) reported average
load-based sediment removal efficiencies of 65% + 32 % by retention ponds across the United States.
Takaijudin et al. (2011) studied an individual stormwater retention pond located in Malaysia over three
months and reported the load-based sediment removal efficiency ranging from 13% to 24%. The Centre for
Watershed Protection (2007) studied 44 wet ponds for removal efficiencies of total suspended solids, based
on the storm event method, and found an average removal of 80%. However, values for removal were as
low as -33% and as high as 99 %. A negative value of the sediment removal efficiency indicates that
sediment has been resuspended by the flow as it moves through the pond to the pond outflow. Wu et al.
(1996) studied three urban retention ponds located in three different locations of a watershed in North
Carolina. Event-based removal efficiencies ranged from 82 to 100 % for one pond, -7 to 87 % for the
second, and 18 to 67 % for the third. Gillis (2017) found a removal rate of -67 % based on the annual load
of sediment during an atorm event in 2014 for the Erindale Pond in Saskatoon, Saskatchewan. Binns et al.
(2019) studied two wet ponds in the Toronto area and found a sediment removal efficiency of 70-90 %
based on event mean concentration. Overall there is a wide variation in the sediment removal efficiencies
measured in existing ponds, which suggests that current design approaches may be unable to ensure that

future ponds meet more demanding sediment removal regulations.

Computational fluid dynamics (CFD) represents an important design tool for evaluating wet ponds
(Adamsson 1999, Yan 2013). CFD is a numerical technique to solve the governing transport equations that
describe the fluid flow and sediment transport in a pond. It can provide comprehensive information about
the flow characteristics at any location within the pond before a pond is built (Jarman et al. 2008, Yan
2013). The predictive nature of CFD has significant advantages over field and lab studies for pond design,
as well as for testing potential modifications to existing ponds (Yan 2013). Obtaining the comprehensive
information (both spatial and temporal) provided by CFD would be extremely costly and time consuming
by any other means, and in some situations, impossible (Adamsson 1999). However, in general CFD is not
yet mature enough to be used without validation against field, lab, or highly resolved numerical simulation
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data (Shilton 2000, Laurent et al. 2013). A variety of CFD models with different levels of complexity have
been developed. The more sophisticated models increase both the cost of computation and data

management, while simplified models may generate unreliable results (Papanicolaou et al. 2008).

Given the enhanced computational resources presently available, solving unsteady and fully 3D
flows is now practical for a wide variety of applications, even though it involves the challenge of managing
large data files. It is only in the last two decades that CFD has broadly engaged fully 3D and unsteady
flows. Prior to that, prediction of 3D flows was simply too expensive for most industry applications in terms

of the computer resources required (Rodi 2017). Instead, simpler but still effective models were developed.

One of the simpler models that has been widely and successfully used in stormwater pond
applications is the two-dimensional (2D) depth-averaged model (also called shallow water equations)
(Persson 2000; Binns et al. 2019). This model eliminates the variation of the velocity and pressure in the
vertical direction by integration of the transport equations in that direction. The resultant depth-averaged
velocity field only varies in the streamwise and transverse directions. The 2D depth-averaged models will
remain useful, particularly for applications with a relatively large spatial extent or extending over a long
period of time, e.g. for river morphology at the watershed scale. In many applications, the 2D depth-
averaged model is capable of predicting the general hydraulic behavior with less computational cost than

3D models.

Other simplified model formulations exist. For example, in 3D models, the hydrostatic pressure
assumption can be adopted to reduce the computational cost of predicting flows in which the vertical
velocity component is much smaller than the horizontal velocity component (Pedlosky 1979, Lin and
Falconer 1997). With this assumption, the momentum equation in the vertical direction is reduced to an
expression for the hydrostatic pressure (Chen 2005). Also, often there is no need for a very fine vertical
grid resolution with small time steps to model vertical mixing (Nakhaei et al. 2018). However, for
applications with secondary flows, e.g. for curved channels (Leupi and Altinakar 2005), local scouring due
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to the presence of hydraulic structures (Uchida and Fokuoka 2009), and irregular bed shapes (Fraga et al.
2012), the non-hydrostatic pressure effects may be significant, and this formulation is not appropriate (Chen

2005, Wang et al. 2014).

CFD modeling of stormwater retention ponds is complicated by such features as wind (Shaw et al.
1997), stratification (Song et al. 2013), vegetation (Li et al. 2007), unsteady inflows, complex geometry
and multiple inlets with three- features. For complex pond flows, the physics of the sediment transport
varies throughout the pond and depends on the local flow features. All of these issues combine to make
modeling a retention pond a special, and in some ways a unique, challenge. For simulating the flow and
sediment transport in a complex and inherently 3D stormwater retention pond, a fully 3D and unsteady
methodology has advantages. There are relatively few successful implementations of complex
hydrodynamic models in stormwater retention ponds (Troitsky et al. 2019). This paper critically reviews
the methodologies available for 3D CFD modeling of flow and sediment transport in stormwater retention
ponds. It also documents some of the previous computational studies of flows in retention ponds, including
both single-phase and multiphase formulations. Finally, some recommendations for the future application

of 3D CFD to pond modeling are presented.

2.2 Application of CFD to modeling liquid flow in stormwater retention ponds

2.2.1 Methodology
2.2.1.1 Turbulence

With respect to three-dimensional CFD modelling of the flow in a pond, the treatment of turbulence
is a critical task. Turbulence often dominates the transport of mass and momentum in such a flow. The
sediment settling process can be negatively impacted by the turbulence, since it has the potential to
resuspend the sediment. On the other hand, turbulence facilitates the flocculation of particles, which
enhances their settling. Hence, turbulence strongly affects the flow and sediment dynamics within the pond
(Rodi 2017, Gu et al. 2017). Turbulent flow typically includes a wide range of length and time scales. If
sufficient computational resources are available, a Direct Numerical Simulation (DNS) that resolves even
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the smallest motions is the most accurate method for predicting a turbulent flow. However, currently DNS
is a scientific tool and not feasible for most engineering and industrial applications (Moin and Mahesh

1998).

Large Eddy Simulation (LES) is a computationally less demanding alternative. LES computes the
large-scale turbulent motions directly (similar to DNS) and it models the small-scale motions; therefore a
coarser grid can be used (Aghaee and Hakimzade 2010, Khosronejad and Sotiropoulos 2014). Limits on
the computational power available restricts the use of LES in large-scale hydraulic engineering problems,
especially when a second phase, i.e. sediment, is present. LES is inherently a time-intensive solution
method, because of the need for time-stepping using very small time increments. For the same reason, it
also accumulates large data files, and can provide much more information than an engineer typically

requires, e.g. instantaneous velocity fields.

The most common method for treating turbulence in engineering problems is the Reynolds
Averaged Navier-Stokes (RANS) formulation, which relates the turbulence to the mean (or time-averaged)
velocity field (Hanjalic and Launder 2011). After decomposing the velocities and pressure in the Navier-
Stokes equations into mean and fluctuating components, and averaging, a new term, i.e. the Reynolds stress
tensor, appears in the RANS equations that represents the turbulent transport. The RANS equations are
used to determine the mean velocity and pressure fields; their prediction depends on the choice of the
turbulence model. Different levels of approximation can be used to model the Reynolds stress tensor. The
two-equation k — ¢ and k — w models, are the most widely used RANS models; they both relate the
Reynolds stress to the mean velocity gradient via an eddy viscosity model. This requires an expression for
the turbulent viscosity. For the k — & model, two extra transport equations are solved for the turbulence
kinetic energy (k) and its dissipation rate (&), which are then used to form the expression for the turbulent
viscosity (Menter 1994). For the k — w model, two transport equations are solved for the turbulence kinetic

energy (k) and turbulence frequency (w) which are used to calculate the turbulent viscosity (Menter 1994).
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The k — w shear stress transport (SST) model is an improved version of the k — w model for predicting
flow separation (Menter 1994). In a stormwater retention pond, examples of flow separation would typically
relate to recirculation and dead zones. The SST model combines the desirable features of two popular
turbulence model formulations by applying the k — w model in the near-wall region and switching to the

k — & model in the outer region of a wall-bounded flow (Menter 1994).

The eddy viscosity model formulation works well for simple shear flows such as flow in a pipe,
but it is less appropriate for complex 3D flows that involve multiple strain-rates (Rodi 2017). The reasons
for this deficiency are the assumption of an isotropic eddy viscosity model and the use of a simple linear
relationship between the Reynolds stress and the mean velocity gradient. For more complex flows, a higher
order model is required, e.g., a second moment closure that determines the components of the Reynolds
stress tensor from their own transport equations (Launder 1989, Jaw and Chen 1998). For example, second
moment closure models are able to predict the turbulence-driven secondary motions in duct and channel
flows, which makes them superior to eddy viscosity models in terms of predictive realism. However, they
are theoretically more difficult to implement and computationally more demanding, so that their application

in general has been more limited than simpler models (Rodi 2017).

2.2.1.2 Boundary conditions

The boundaries confining the pond, i.e. bottom, side walls, and free surface, have to be defined in
a CFD model. Regarding the bottom and walls, no-slip, free slip, or partial-slip conditions can be imposed.
For near-wall regions, finer grids are required to capture the effect of wall and the associated sharp velocity
gradients. In many RANS-type models the turbulence model formulation is modified to account for wall
damping using a near-wall treatment. Wall functions are the most common near-wall treatment method.
They assume a logarithmic velocity profile in the near-wall region and allow a coarser mesh to be used near
the wall. However, if local flow separation is present, e.g. over baffles, the wall function treatment cannot

be used (Chen and Patel 1988). In that case, a low-Reynolds number formulation can be used to predict the
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turbulence all the way to the wall. Roughness can be implemented either by wall functions or special two-
equation closures, e.g. a two-layer k — & model that uses a hydrodynamic roughness length to implement a

rough-wall boundary condition (Durbin et al. 2001, Zaman and Bergstrom 2014).

It has been a common practice to model the free surface with no deformation (i.e, without waves)
as a free-slip wall (Hsu et al. 2003, Bombardelli and Jha 2009, and Liang et al. 2017). A more realistic
approach is to use the Volume of Fluid (VOF) method to track the deformation of the free surface. VOF
allows a specific control volume to include both liquid and air, which in turn allows the variation of the

liquid surface to be approximated (Hirt and Nichols 1981).

2.2.1.3 Residence time Distribution

There have been several research studies where CFD has been employed to study the flow pattern
in a pond and to estimate the so-called residence time distribution (Persson 2000, Adamsson et al. 2005,
Khan et al. 2009). The residence time is the length of time that water entering the pond resides within the
pond. The residence time distribution is of interest because it can be used to characterize the flow behavior
in the pond, e.g. identify the effect of dead zones in a pond (Walker 1998). In addition, the sediment
retention of a pond is known to depend on the residence time distribution (Persson and Wittgren 2003,
Birch et al. 2007). A long residence time generally is an indicator of low fluid velocities, which tend to

enhance the sediment settlement and sediment removal efficiency (Persson 1999).

In experiments, the residence time distribution, E, can be determined using tracer testing. It
indicates the mass fraction of tracer that has left the pond at a given time, t, after injection of the tracer at
the inlet at time t = 0, and is given by ( Levenspiel 2012):

c®  _ocw [2.1]

E® = J, ctyat M
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where C, Q, and M are the outflow tracer concentration (kg/m?), flow rate (m?/s), and total inflow tracer
mass (kg), respectively. The residence time distribution is often normalized using nominal residence time,
t,,, i.e. the ratio of pond volume to the flow rate. The residence time distribution curve is plotted as the

normalized residence time, i.e. E(t)t,, against the dimensionless time, i.e. t/t,,.

To obtain the residence time distribution in a single-phase CFD model, first, the steady state
velocity field is obtained. Then, a passive scalar concentration (or tracer) field is solved based on the
velocity field using an unsteady advection-diffusion equation (Equation [2.2]) to predict the transport of a
hypothetical slug of tracer in the pond.

aC ou,C _  9°C [2.2]

= =D,
ot T ox,  ioxg?

where D; is the diffusivity coefficient. The tracer concentration, C, is monitored at the outlet of the pond at
time, t. Solving for C at the outlet at different times provides the information required to produce the

residence time distribution using Equation [2.1].

2.2.1.4 Verification and Validation

Another important task in CFD modelling is verification and validation. The most important
element of verification is grid independence, i.e. to determine the grid resolution required to reduce
numerical approximation errors to an acceptable level. The design and construction of a quality grid is
crucial to the success of a CFD analysis. The grid configuration has a significant impact on convergence,
solution accuracy, and the computational cost. The grid density should be high enough to adequately resolve
the relevant flow features. The grid adjacent to the wall should be fine enough to resolve any boundary
layer regions. Ideally, for a single-phase simulation, model validation should compare the numerical results
to measurements of both the mean velocity and turbulence fields. For a multiphase simulation, model

validation should also include a comparison to measurements of the particle velocities and concentration.
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2.2.2 Survey of single-phase studies

Table 2.1 lists 11 studies that represent the use of CFD over the last twenty years by the hydraulics
engineering community for the study of retention ponds. These CFD studies considered such features such
as pond shape, size, and vegetation. These studies simulated either prototype or scale model ponds. For
model development and validation purposes, the scale models are easier to work with, since factors such as
flow rate, wind, precipitation, and vegetation can be controlled in a laboratory. Furthermore, laboratory

scale ponds are much smaller than prototype ponds, which makes simulations more feasible.

In a study to assess the flow behavior in an elliptical stormwater retention pond (90 x 60 x 1.2 m)
located in Ontario, Canada, Shaw et al. (1997) used a single-phase 3D CFD model together with field
measurements. The in-situ measurements were taken at three different base flow rates. The water level in
the pond did not vary since the inflow and outflow are equal. The velocity measurements were conducted
at three different depths for 16 sampling locations. The measurements were used for model calibration
purposes. For the CFD model, the RANS equations with a k — ¢ turbulence model were solved using
PHOENICS software. The average wind speed and direction data were also recorded. The velocity
predictions were modified to include the wind-induced flow based on using an empirical equation
developed in a flume for still water by Baines and Knapp (1965). The authors identified three different
zones in the pond, i.e. an advection zone characterized by high velocities, a circulation zone, and a dead
zone characterized by low velocities. The overall flow pattern predicted by the CFD model was in

agreement with the measured flow pattern.

The effect of pond shape, length-to-width ratio, vegetation, and retrofitting elements such as
baffles, berms, and islands, are often tested by comparing the corresponding residence time distributions.
Persson (2000) studied the residence time distribution of 13 different hypothetical scale model pond layouts
with varied inlet and outlet locations, and retrofitting elements. The layouts all had a simple rectangular

shape except for one which had an L-shape. To eliminate the scale effects, all of the test cases had equal
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volume and depth. A 2D depth-averaged CFD commercial code called MIKE 21, developed by Danish

Hydraulic Institute (1996), was used. A 2D LES was applied to model the small scale turbulence motions.

Table 2.1 Summary of single-phase CFD studies of stormwater retention ponds

Author(s) Prototype or Method Turbulence Code Verification Validation
scale model model
Shaw et al. (1997)  Prototype 3D RANS k—¢ PHOENICS No No
Persson (2000) Scale model 2D depth-averaged LES MIKE 21 No No
RANS
Adamsson etal.  Scale model 3D RANS k—¢ ANSYS No Residence time
(2005) Fluent distribution
Khan et al. (2009) Scale model 3D RANS k—¢ ANSYS CFX No No
Khan et al. (2012) Scale model 3D RANS k—c¢ ANSYS CFX Yes Residence time
distribution and
and k — w free surface
velocity
He and Marsalek  Scale model 3D RANS +VOF k—¢ ANSYS No No
(2013) Fluent
Tsavdaris et al. Prototype 3D RANS k—¢ ANSYS No No
(2015) Fluent
Farjood et al. Scale model 3D RANS k—w ANSYS CFX Yes Residence time
(2016) distribution
Sonnenwald et al. Prototype 3D RANS k—¢ ANSYS No No
(2017) Fluent
Nakhaei et al. Prototype Unsteady 3D Simplified ELCOM No Temperature
(2018)
RANS k—¢
Binnsetal. (2019)  Prototype 2D RANS Not RMA2 and No Mean
mentioned concentration
SED2D
Allafchi et al. Prototype  Unsteady 3D RANS k—c¢ STAR CCM+ Yes Mean bacteria
(2019) concentration

20



Adamsson et al. (2005) used a single-phase 3D CFD model to produce residence time distributions
in a rectangular retention pond (13 x 9 x 1 m) at three different discharges. The experimental pond was
located in the hydraulic lab of Chalmers University of Technology, Sweden. The 3D RANS equations with
a k — € turbulence model using standard wall functions were solved using ANSY'S Fluent software. The
wall boundary condition was set to no-slip and no consideration was given to surface roughness. The free
surface was modeled as a free-slip wall. The computational domain was covered by 144,000 unstructured
cells; the depth was resolved into 21 cell layers. The model was first run for steady state conditions to obtain
the solution for the three velocity components. Then, the unsteady transport equation was solved to
reproduce the tracer tests to find the residence time distribution. The computational residence time
distributions were tested against measured residence time distributions. The authors were not able to match

the results.

In a similar study, Khan et al. (2009) compared a humber of computationally modeled residence
time distributions corresponding to a trapezoidal stormwater retention pond, i.e. rectangular pond (1.025 x
0.375 x 0.0575 m) with side-sloped walls (2:1), retrofitted with different elements. The numerical model
was developed in ANSYS CFX software as a 10:1 scale model of an existing pond in Auckland, New
Zealand. The 3D RANS equations with a k — ¢ turbulence model using standard wall functions were
solved. The free surface was modeled as a free-slip wall and the wall boundary condition was set to no-slip
with no consideration given to the surface roughness. Their study demonstrated how the residence time
distribution of a trapezoidal pond can be affected by the use of various retrofitting elements (i.e. baffles,

island, or subsurface berm) at different locations.

Later, Khan et al. (2012) performed surface velocity measurements in the same pond using Particle
Tracking Velocimetry (PTV) and compared to the flow pattern at the surface predicted using ANSYS CFX.
Three different grid refinements were tested; the grid including 42K cells was selected since the predicted

velocity was less than 1% different from the solution on a finer mesh. Two turbulence models, namely the
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k—e& and k —w SST models, using standard wall functions were tested; the differences between the
velocity fields predicted by the two models was insignificant, i.e. less than 1%. The authors noted that their
study was the first to compare the results from a CFD model of a stormwater retention pond to velocity
measurements from a scale model. However, their study only considered the free surface velocity pattern
by tracking the tracers floating on the surface; as such they only looked at the velocity and vorticity on the
surface, and no measurements were taken through the depth of the pond. In complex flows, the velocity
field will often vary over the depth of the pond, so that complete reliance on the surface flow can be
misleading. The prediction of the free surface flow may also be compromised by the assumption of a free-
slip wall as the boundary condition. Farjood et al. (2016), from the same research group, used the same
code with the k — w SST to investigate 27 different combinations of aspect ratios and wall slopes for the
trapezoidal pond. After testing three different meshes, a grid containing 250K cells was selected. Their
study showed that ponds with identical length-to-width ratios can perform differently because of different
wall slopes. The finding was significant since the design of ponds often relied on the length-to-width ratio
as the most significant and often only feature affecting the pond performance. Validation was based on the

residence time distribution curves, and not the prediction of the velocity field.

He and Marsalek (2013) compared the computational flow pattern for a number of different flow
rates in a scale model rectangular pond of size 1.025 x 0.375 x 0.0575 m. The 3D modeling of the flow
using the k — ¢ turbulence model was performed in ANSYS Fluent. Unlike other studies, the authors did
not apply a free-slip wall for the free surface boundary condition. Instead, they tracked the free surface

using the VOF method.

Tsavdaris et al. (2015) investigated pond configurations by comparing residence time distributions.
Large-scale elliptical configurations of vegetated ponds were modeled using ANSYS Fluent to solve the
3D RANS equations with a k — & turbulence model. A porosity added to the momentum equation as a sink

term was used to simulate the effect of vegetation. In this study, the number of control volumes was
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determined by the software version limitation of 512,000 which is a relatively low number for a large-scale

pond (volume of 1400 m3).

Sonnenwald et al. (2017) also studied the mixing effect of vegetation in a pond model and compared
several vegetated pond configurations using residence time distributions. The ponds had a surface area of
500 m? and a depth of 1.5 m. ANSYS Fluent was used to solve the 3D RANS equations with a k — ¢
turbulence model. A porosity term was added to the momentum equation to simulate the force vegetation
exerts on the flow. Then, an advection-diffusion equation was solved where the diffusion coefficient was
the turbulent viscosity. The primary usefulness of this study was the comparison of the effect of shape,

length-to-width ratio, retrofitting elements, with and without vegetation, on the residence time distribution.

The internal thermal structure, i.e. stratification, within a pond can affect the hydraulic properties
(Shilton 2005). Nakhaei et al. (2018) investigated the temperature variability in three prototype stormwater
ponds in Alberta, Canada. The ponds had depths from 2.2 to 3.5 m, and the surface areas ranged from 18000
to 22000 m2. The Estuary and Lake Computer Model (ELCOM), developed at the Centre for Water
Research at the University of Western Australia, was applied to solve the unsteady hydrostatic 3D RANS
equations and the thermal energy equation (Hodges 2000). Two sets of temperature time series
measurements were available. One set was used to calibrate the model by tuning coefficients, while the

second set was used for validation.

Binns et al. (2019) studied two prototype retention ponds in Ontario, Canada. The ponds had
irregular shapes and sizes of approximately 200 x 25 x 2 m. The authors used a package developed by the
United States Army Corps of Engineers, which included a 2D depth-averaged finite element model called
RMAZ2 for hydrodynamic modeling, and a sediment transport model called SED2D, which solves the
advection-diffusion equation for sediment based on the hydrodynamic results. The computational mesh size
was as coarse as 1 to 5 m. The authors calibrated the SED2D model based on available field data from a

single rain event by tuning the bed roughness coefficient to capture the measured flow and sediment
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discharges at the outlet. Then, a variety of length-to-width ratios, retrofitting elements, and outlet locations

were tested.

Allafchi et al. (2019) studied the distribution of bacteria in a 235,000 m?® irregular-shaped
stormwater pond in Alberta, Canada. The 3D unsteady RANS (URANS) equations, together witha k — ¢
turbulence model and an advection-diffusion equation for the bacteria, were solved using the commercial
CFD code STAR-CCM+. The effect of wind was implemented by specifying a velocity vector on the free
surface. A grid independence study was used to determine that an unstructured grid with 1.5 million cells
was sufficient. To enhance convergence, first a steady-state simulation with only an average wind speed
was carried out, and the resultant velocity field was used as the initial condition for the main set of
simulations. A storm event hydrograph was introduced at the inlet. The pond was simulated for a period
beginning 1 hour before the start of the storm event and ending 24 hours after the event. The CFD
predictions were validated against bacteria concentration data collected from six different points in the pond

and showed good agreement.

Despite significant advances in computational resources, from the first studies to computationally
model a stormwater pond (i.e. Shaw et al. 1997) until now, the modeling has not progressed significantly.
Simulation of multiple grids to assess grid independence is now more feasible than ever before. Of the 11
studies, only 2 considered verification. CFD models of stormwater ponds in the literature typically solve
the velocity field for the liquid phase and then use a transport equation for a tracer material to produce
residence time distribution curves. This is partly because the benchmark data available for validation is
most often in the form of a residence time distribution. Of the 11 studies, only 5 considered validation.
Among these 5 studies, 2 were only validated against the residence time distribution. While useful,
residence time distribution do not represent a comprehensive benchmark for validation of a CFD model,
especially if the sediment does not follow the fluid. The residence time distribution method may be helpful

in comparing the flow patterns for two different ponds, but it is not capable of predicting the transport in
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complex ponds where the sediment is strongly affected by turbulence, complex geometry or other
complicating features. It approximates the sediment transport by the convection-diffusion of a passive
scalar, and does not consider particle settlement, and/or resuspension. Comparing to comprehensive flow
measurements, e.g. velocity and turbulence properties in a pond, either scale model or prototype, would be
a more effective method for validating single-phase models. Experimental capability in fluids
measurements, e.g. Particle Image Velocimetry (PIV) and Acoustic Doppler Velocimeter (ADV) to some
degree, now competes with CFD in terms of the comprehensiveness of the results. For example,
tomographic PIV can provide time-resolved three-component measurements of the local velocity field.
Notwithstanding the development of such methods, a lack of comprehensive experimental data sets appears

to be a severe impediment to validation of single-phase CFD models in ponds.

Single-phase models cannot reproduce the particle trajectories and related sediment transport in a
pond with complex features and large particles that do not follow the fluid trajectory. According to
Balachandar and Eaton (2010), who reviewed the applicability of the single-phase approximation for
modeling particle transport, this approach is only justified when the particle Stokes number is less than 0.2.
For some pond conditions, the particle Stokes number of the largest particles, which are more likely to
settle, exceeds 0.2. Given the rapid advancement in computing power and speed, moving towards a

comprehensive multiphase model, even for prototype applications, no longer seems impossible.

2.3 Application of CFD in modeling sediment transport in stormwater retention ponds

If a multiphase model is required to more accurately model sediment transport in a pond, different
approaches are available. The use of these models in the hydraulic engineering community has 