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Abstract

Numerical Investigation of the
Interaction between Flow
Structures and Sediment
Behaviors Downstream of

Backward—Facing Steps and

Aprons

o] A & (Jeonghu Lee)
A4 874 38+ (Civil and Environmental Engineering)
The Graduate School

Seoul National University

The study of the flow over hydraulic structures is still of particular interest to
researchers due to the complexity of flow characteristics and sediment behaviors.
This thesis is to investigate the flow and sediment behaviors behind hydraulic

structures, such as various inclined backward-facing steps (BFSs) and a submerged



sluice gate. The effect of BFS angles on near-bed turbulent flow structures and
bedload transport rate, as well as their interactions, is examined in surface jet flow.
A combined numerical technique of large eddy simulation (LES) and discrete
element method (DEM), based on the open source package OpenFOAM, is
employed. The validation of the numerical model shows a good agreement between
the simulation results and observed data obtained from different experiments. The
simulation results reveal that the flow does not form a separation zone when the BFS
angle is less than 20°, wherein the near-bed turbulence intensity is insufficient to
induce substantial sediment movements. As the step angle is increased to a certain
value (20°), the separation flow is formed. Consequently, the near-bed turbulence
intensity is significantly increased due to the splat effect, and the sediment flux is
also drastically increased. As the BFS angle further increases to 30° and 90°, the
reattachment length is extended without notable changes in maximum turbulence
intensity near the bed. The peaks of the mean bedload transport rate are located
further downstream along the extended reattachment length. The quadrant analysis
for bedload transport is performed, and the results demonstrate that the sweep event
plays a significant role in moving most sediment downstream of the reattachment
point. On the other hand, right upstream of the reattachment point, the burst becomes
the dominant turbulence event to move the majority of the sediment backward in the
upstream direction. In addition, this study further examines the flow and sediment
behaviors behind an apron in submerged wall jet flow when a sluice gate is opened.
For this flow regime, the effect of wide-area air injection on scour mitigation is
evaluated. The LES-DEM coupling model is further expanded to incorporate air
phase. The bed profile simulated by the LES-DEM model exhibited good agreement
with observation data. The bedload transport rate and the maximum scour depth are
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significantly reduced by the air injection, which also decreases the near-wall mean
streamwise velocity. This result confirms that reducing the mean streamwise velocity
is the most influential factor in mitigating scour. Although the mean vertical velocity
and turbulence intensity are substantially increased due to the air injection, these
factors do not contribute significantly to sediment behaviors. The maximum scour
depth is shown to be decreased with a higher air injection flow rate and larger air
injection area. The quadrant analysis for bedload transport reveals that without air
injection, the sweep event is primarily responsible for the initial scour process.
However, when air is injected, the sediment moves by primarily outward and inward

interactions with a substantially reduced transport rate.

Keyword: Bedload transport; LES—DEM coupling; reattachment
length; submerged wall jet flow; surface jet flow;, wide—area air

injection.
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Latin symbols

NOMENCLATURE

Height of the opening of a sluice gate
Measurement area for bedload transport rate
Length of the sediment zone behind an apron
Normal damping coefficients

Tangential damping coefficients

Drag force coefficient

Smagorinsky constant

Kolmogorov constant

Particle diameter

Particle median diameter

Time step for sampling numerical data
Vertical distance from the apron to numerical atmosphere
Froude number

Particle body force

Drag force based on the relative velocity of fluid and particle
Normal contact force

Pressure force exerted on the particle
Tangential contact force

Viscous force exerted on the particle
Gravitational acceleration

Initial thickness of sediment behind an apron
Maximum scour depth

Unity if a fluctuating velocity pair is measured in i-th quadrant
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Qx
Qa

Qw
RZ

RA
Re
Re

Step height of backward-facing step

Angular moment of inertia

Normal spring stiffness

Tangential spring stiffness

Apron length

Particle mass

Momentum of injected air

Momentum of inflowing water

volume fraction occupied by fluid

volume fraction of water in fluid

volume fraction of air in fluid

The number of particles in a local cell volume
The number of particles in a bedload measurement area
Fluid pressure

Ratio of time occupied by each turbulence event in the i-th
guadrant

Ratio of bedload transport rate during each turbulence event
in the i-th quadrant

Instantaneous bedload transport rate
Isosurface value of Q-criterion
Mean bedload transport rate

Air injection flow rate

Inflowing water flow rate

R-square value

Fluid-particle momentum exchange
Air injection length from an apron
Reynolds number

Particle Reynolds number
Simulation time
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Initial simulation time

Time period for averaging flow variables
Time period to achieve the equilibrium bed profile
Rolling friction torque

Streamwise turbulence intensity

Vertical turbulence intensity
Instantaneous velocity vector
Streamwise fluctuating velocity
Instantaneous particle velocity vector
Relative velocity between water and air
Friction velocity near the wall

Normal relative velocity of particle at the contact position

Tangential relative velocity of particle at the contact position

Mean velocity vector
Mean streamwise velocity
Maximum mean streamwise velocity above the step edge
Inlet velocity of the wall jet at the sluice gate.

Vertical fluctuating velocity

Mean vertical velocity, local cell volume

Volume occupied by DEM particles

Scour volume

Volume occupied by water

VVolume occupied by air

Width of the sediment zone behind an apron
Longitudinal coordinate in Cartesian coordinate system
Modified x-coordinate starting from x = x;,

Horizontal width of the step

Reattachment length
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Greek symbols

Heff
H'pC

Hr

Horizontal distance from the apron to the dune crest
Horizontal distance from the apron to the dune trough
Overlap distance of particles

Vertical coordinate in Cartesian coordinate system
Inner layer thickness of wall jet flow

Dimensionless wall-distance calculated by dimensionless
velocity near the wall

Lateral coordinate in Cartesian coordinate system

Backward-facing step angle

Density of mixed fluid

Density of air

Density of sediment

Density of water

Height of downstream channel of backward-facing step
Height of upstream channel of backward-facing step
shear stress tensor

von Karman constant

dynamic viscosity

Effective dynamic viscosity

Coulomb friction coefficient

Rolling friction coefficient

Empirical coefficient for determining drag force with porosity
Subgrid scale dynamic viscosity

kinematic viscosity

turbulent kinematic viscosity

Angular particle velocity vector
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W, Streamwise vorticity component (rotation about the z-axis)

S Strain rate tensor

Q Rotation tensor

Acronyms

3D Three dimension

AD Aerodynamic model

BFS Backward-facing step

CFD Computational fluid dynamics
DEM Discrete element method

DNS Direct numerical simulation

ER Expansion ratio in backward-facing step geometry
HD Hydrodynamic model

LES Large eddy simulation

RANS Reynolds-averaged Navier-Stokes
RMSE Root mean squared error

SGS Subgrid scale

SSL Separated shear layer

TKE Turbulent Kinetic energy

VOF VVolume of Fluid



List of Tables

TABLE 1. PREVIOUS STUDIES ON FLOW AND SEDIMENT BEHAVIORS BY
SEPARATION FLOW IN SURFACE JET FLOW. ....civiiiiiiiiiiniin i 21

TABLE 2. PREVIOUS STUDIES ON FLOW CHARACTERISTICS AND SCOURING BY
HORIZONTAL WALL JET FLOW. ..ciiiiiiiiiiiiniiiii i 25

TABLE 3. CONFIGURATION OF THE NUMERICAL SIMULATION FOR SURFACE JET

TABLE 4. LENGTH SCALE IN THE NUMERICAL DOMAIN. ...coitiiiiininieininieieeneeas 47
TABLE 5. CONFIGURATION OF THE NUMERICAL SIMULATION FOR SUBMERGED
WALL JET FLOW. 1.ttt sttt bbbttt nn e 50
TABLE 6. R> AND RMS VALUES BETWEEN THE SIMULATION RESULTS AND
EXPERIMENTAL DATA FROM RUCK AND MAKIOLA (1993) AND NAKAGAWA
AND NEZU (L987). ..ttt sttt sttt sttt e et 60
TABLE 7. COMPARISON OF PERCENTAGE OF TIME OCCUPIED BY EACH
TURBULENCE EVENT BETWEEN THE OBSERVATION DATA BY NELSON ET
AL. (1995) AND SIMULATION RESULTS. ..c.veiteienieiiniisiesiiniesiesne e 64
TABLE 8. COMPARISON OF PERCENTAGE OF EACH TURBULENCE EVENT
WEIGHTED BY BEDLOAD TRANSPORT RATE BETWEEN THE OBSERVATION
DATA BY NELSON ET AL. (1995) AND SIMULATION RESULTS.....ccceovverinrenas 64
TABLE 9. EXPERIMENTAL CONFIGURATION FROM CHATTERJEE ET AL. (1994).

TABLE 10. COMPARISON OF THE SCOUR HOLE’S DIMENSIONS BETWEEN THE

SIMULATION AND EMPIRICAL FORMULA FROM CHATTERJEE ET AL. (1994).

TABLE 11. NEAR-BED FLOW INFORMATION AND BEDLOAD TRANSPORT RATE. 83
TABLE 12. RATIO OF TIME (IN PERCENTAGE) BY EACH TURBULENCE EVENT IN
VARIOUS BFS ANGLES. ...oiiitii ettt see et et e e st 87
TABLE 13. RATIO (IN PERCENTAGE) OF BEDLOAD TRANSPORT RATE DURING
EACH TURBULENCE EVENT IN VARIOUS BFS ANGLES. ......cccovvviveiiieeiiees 94
TABLE 14. DIMENSIONS OF SCOUR HOLE WITH AND WITHOUT AIR INJECTION IN
THE CENTRAL VERTICAL PLANE. ...ttt 111

Xi 3 | .



TABLE 15. MAXIMUM MEAN VELOCITY AND TURBULENCE INTENSITY IN Y AXIS
AT X = 0 IN THE CENTRAL VERTICAL PLANE. ....evitiiiviiesiiiieessiveeessninenesnnes 136
TABLE 16. NEAR-BED MEAN VELOCITY AND TURBULENCE INTENSITYATX =0
ANDY = 5 mm IN THE CENTRAL VERTICAL PLANE. .....cccceviuiriinieenieeneens 137
TABLE 17. RATIO (IN PERCENTAGE) OF BEDLOAD TRANSPORT RATE DURING
EACH TURBULENCE EVENT WITH AND WITHOUT AIR INJECTION IN WALL
Y 1 I O 141

Xii 1] © 1l



List of Figures

FIGURE 1. FLOW CHART OF THE RESEARCH PROCEDURE........ccccovirierieiereanennnns 10
FIGURE 2. SCHEMATIC DIAGRAM OF DIFFERENT FLOW REGIMES OVER BFS
SUGGESTED BY WU AND RAJARATNAM (1998). ..o 12
FIGURE 3. SCHEMATIC DIAGRAM OF SUBMERGED WALL JET FLOW BEHIND
SLUICE GATE . tiuietieteeiesie st sttt sttt sttt st b ettt b bbb st bttt be s 14
FIGURE 4. BOUNDARY LAYER OF SUBMERGED WALL JET FLOW, READAPTED
FROM DEY ET AL. (2010)....cuiiiciiiiiieie ettt st 15
FIGURE 5. CONCEPTUAL MODEL OF A VORTEX TUBE FORMATION BEHIND DUNE
PROPOSED BY MU LLER AND GYR (1986).......ccccveiiiiieciirieceerc et 17
FIGURE 6. COUPLING ALGORITHM BETWEEN LES AND DEM .......cccooviivinnnnne 34
FIGURE 7. SCHEMATIC ILLUSTRATION OF THE FLUIDS (WATER AND AIR) AND
SEDIMENT BASED ON THE VOLUME FRACTION IN A NUMERICAL CELL......36
FIGURE 8. SCHEMATIC DIAGRAM OF THE COMPUTATIONAL DOMAIN WITH
VARIOUS INCLINED BFSS (DIAGRAM IS NOT TO THE SCALE). ...ccccovevvevenen. 44
FIGURE 9. SCHEMATIC DIAGRAM OF THE COMPUTATIONAL DOMAIN FOR WALL
JET FLOW BEHIND A SLUICE GATE (DIAGRAM IS NOT TO THE SCALE)........ 49
FIGURE 10. STREAMWISE VELOCITY (A, B, C) AND TURBULENCE INTENSITY (D,
E, F) PROFILES BEHIND THE STEP AT Re=15000, o = 10°,30°,90°, AND
ER=1.48 (BLUE LINE IS THE LOCATION OF REATTACHMENT POINT IN THE
SIMULATION; RED LINE IN THE EXPERIMENT)...c.ceiiiieiniinienienieseeneeeeneenennas 54
FIGURE 11. STREAMWISE VELOCITY (A, B, C) AND TURBULENCE INTENSITY (D,
E, F) PROFILES BEHIND THE STEP AT Re=47000, a = 10°,30°,90°, AND
ER=1.48 (BLUE LINE IS THE LOCATION OF REATTACHMENT POINT IN THE
SIMULATION; RED LINE IN THE EXPERIMENT)...c.coiiiieiarinienienieseeseeneeneenennas 55
FIGURE 12. STREAMWISE VELOCITY (A, B, C, D, E) PROFILES BEHIND THE STEP
AT Re=64000, a = 10°,15°,25°,30°,90°, AND ER=1.48 (BLUE LINE IS
THE LOCATION OF REATTACHMENT POINT IN THE SIMULATION; RED LINE
IN THE EXPERIMENT). cotitiiititeiieieieseeresiestesiesaeseesseseeseesessessessesseseessensesessensenns 56
FIGURE 13. STREAMWISE VELOCITY (A, B, C, D, E, F) PROFILES BEHIND THE
STEP AT Re=15000, a = 10°,20°,25°,30°,45°,90°, AND ER=2 (BLUE

xiii 2] & 1]



LINE IS THE LOCATION OF REATTACHMENT POINT IN THE SIMULATION;
RED LINE IN THE EXPERIMENT). ...vcutiiiiiiieiitiisieisie s 57
FIGURE 14. STREAMWISE VELOCITY (A, B, C, D, E) PROFILES BEHIND THE STEP
AT Re=47000, a = 10°,25°,30°45°,90°, AND ER=2 (BLUE LINE IS THE
LOCATION OF REATTACHMENT POINT IN THE SIMULATION; RED LINE IN
THE EXPERIMENT) ottt ettt sttt sttt 58
FIGURE 15. STREAMWISE VELOCITY (A, B, C, D) PROFILES BEHIND THE STEP AT
Re=64000, a = 10°,25°,45°,90°, AND ER=2 (BLUE LINE IS THE
LOCATION OF REATTACHMENT POINT IN THE SIMULATION; RED LINE IN
THE EXPERIMENT) ottt sttt sttt sttt e 59
FIGURE 16. STREAMWISE VELOCITY (A), STREAMWISE TURBULENCE INTENSITY
(B), AND VERTICAL TURBULENCE INTENSITY (C) PROFILES BEHIND THE
STEP (BLUE LINE IS THE LOCATION OF REATTACHMENT POINT IN THE
SIMULATION; RED LINE IN THE EXPERIMENT)...cvitiiiiiinienieieninie e 60
FIGURE 17. NEAR-BED STREAMWISE VELOCITY (A), STREAMWISE TURBULENCE
INTENSITY (B), AND VERTICAL TURBULENCE INTENSITY (C) PROFILES
BEHIND THE STEP (DOTTED LINE=OBSERVATION DATA BY NELSON ET AL.
(1995); SOLID LINE=SIMULATION DATA) .c.eciieitieiesieeteestesieereeste e sre e 63
FIGURE 18. MEAN BEDLOAD TRANSPORT RATE IN THE STREAMWISE DIRECTION
BEHIND THE BFS (CIRCLE=SIMULATION DATA; CIRCLE
(FILLED)=OBSERVATION BY NELSON ET AL. (1995)). ..ccooiveiiiiiieiecieeee, 64
FIGURE 19. EXPERIMENTAL SETUP OF CHATTERJEE ET AL. (1994).......cccoe.... 65
FIGURE 20. COMPARISON OF VERTICAL DISTRIBUTION OF NORMALIZED
STREAMWISE VELOCITY BETWEEN SIMULATION AND EXPERIMENT .......... 67
FIGURE 21. RELATIONSHIPS OF DIMENSIONS OF SCOUR HOLE AND SCOUR
VOLUME FROM CHATTERJEE ET AL. (1994). RED DOTS REPRESENT THE
EXPERIMENTAL SETS. 1tiiititeitieiiieestteestetesiteesseesstsessseessssesssseessssessnsessssnessns 68
FIGURE 22. SCOUR HOLE’S DIMENSIONS FORMED BY SIMULATION AND
ESTIMATED BY CHATTERJEE ET AL. (1994). ..cciiiiiiiieiii e 70
FIGURE 23. MEAN STREAMWISE VELOCITY FOR CASEN10 (A), CASEN20 (B),
CASEN30 (C), AND CASEN90 (D). SOLID LINE REPRESENTS THE

REATTACHMENT POINT. 1ottt 73

Xiv 1 & 7]



FIGURE 24. STREAMWISE TURBULENCE INTENSITY FOR CASEN10 (A), CASEN20
(B), CASEN30 (C), AND CASEN9O0 (D). SOLID LINE REPRESENTS THE
REATTACHMENT POINT. cooitiiititeitiieieesesie sttt sse sttt sne e seenennens 74

FIGURE 25. VERTICAL TURBULENCE INTENSITY FOR CASEN10 (A), CASEN20
(B), CASEN30 (C), AND CASEN9O0 (D). SOLID LINE REPRESENTS THE
REATTACHMENT POINT. cotitiitiitiiieieiees et st st sse sttt sneseeseenennens 75

FIGURE 26. SEPARATION ZONE WITH TIME-AVERAGED VELOCITY VECTORS IN
THE CENTRAL SECTION OF THE Z-AXIS FOR CASEN10 (A), CASEN20 (B),
CASEN30 (C), AND CASENID (D). ...vecveerierieeieeiie sttt s 76

FIGURE 27. STREAMWISE VELOCITY PROFILES BEHIND THE STEP MEASURED IN
THE CENTRAL VERTICAL PLANE FOR CASEN10 (A), CASEN20 (B), CASEN30
(c), AND CASEN9O0 (D). BLUE LINE REPRESENTS THE REATTACHMENT
POINT . ettt ettt et et e et et e st e s te e e et eseeseeseebesbe b e e e e e sseneeteatesbennete e e e enneneareas 77

FIGURE 28. STREAMWISE TURBULENCE INTENSITY PROFILES BEHIND THE STEP
MEASURED IN THE CENTRAL VERTICAL PLANE FOR CASEN10 (A),
CASEN20 (B), CASEN30 (C), AND CASEN9O (D). BLUE LINE REPRESENTS
THE REATTACHMENT POINT ....otitiiiitiiteste et sieee et 78

FIGURE 29. VERTICAL TURBULENCE INTENSITY PROFILES BEHIND THE STEP
MEASURED IN THE CENTRAL VERTICAL PLANE FOR CASEN10 (A),
CASEN20 (B), CASEN30 (C), AND CASEN90 (D). BLUE LINE REPRESENTS
THE REATTACHMENT POINT ...coutiiiiiiitisiistesiesie et snenne e 80

FIGURE 30. COHERENT VORTEX STRUCTURES VISUALIZED BY Q-CRITERION
(1ISOSURFACE: Q=600) FOR CASEN10 (A), CASENZ20 (B), CASEN30 (C), AND
CASEN9Q (D) AT DIFFERENT INSTANTS. ..uteietieiieeenieeee e steeee e eree e e eneenes 82

FIGURE 31. MEAN BEDLOAD TRANSPORT RATE DOWNSTREAM OF THE VARIOUS
INCLINED BFSS (THE DASH LINES SHOW THE LOCATIONS OF
REATTACHMENT POINTS ASSOCIATED WITH STEP ANGLES). ..c..covvverearennns 84

FIGURE 32. JOINT FREQUENCY DISTRIBUTIONS OF u’ AND V' MEASURED AT X =
xb (a), xb + 5H (b), AND xb + 10H (c) FOR CASEN10, AND x = xr (d),
xr + 5H (e), Xr + 10H (f) FOR CASENZ20. .......coeiieiiieriene e 88

FIGURE 33. JOINT FREQUENCY DISTRIBUTIONS OF u’ AND V' MEASURED AT X =
xr — 2.5H (a, d), xr (b, e), AND xr + 5H (¢, f) FOR CASEN30 (A-C) AND
(0781 = N L O (0 =) TSP 89



FIGURE 34. JOINT FREQUENCY DISTRIBUTIONS OF u’ AND V' WEIGHTED BY gx
MEASURED AT x = xb (a), xb + 5H (b), xb + 10H (c) FOR CASEN10, AND
x = xr (d), xr + 5H (e), xr + 10H (f) FOR CASEN20. .........cooorrrrerrrrrrenne. 92

FIGURE 35. JOINT FREQUENCY DISTRIBUTIONS OF u’ AND V' WEIGHTED BY X
MEASURED AT x = xr — 2.5H (a, d), xr (b, e), AND xr + 5H (¢, f) FOR

CASEN30 (A-C) AND CASENIOD (D-F). ..cveirrerieiieiiieieste e sre et 93
FIGURE 36. BEDFORM CHANGES OVER TIME IN CASENA........ccccoiniiiriniene 97
FIGURE 37. BEDFORM CHANGES OVER TIME IN CASERA2QO025..........ccoeevvvene 98
FIGURE 38. BEDFORM CHANGES OVER TIME IN CASERA2QO05............cccoveevivene 99
FIGURE 39. BEDFORM CHANGES OVER TIME IN CASERA2Q1........cccoovvvvverennne. 100
FIGURE 40. BEDFORM CHANGES OVER TIME IN CASERA20Q025.................... 101
FIGURE 41. BEDFORM CHANGES OVER TIME IN CASERA20Q05..........c.cevnee. 102
FIGURE 42. BEDFORM CHANGES OVER TIME IN CASERA20Q1........ccccvevevenee. 103
FIGURE 43. BEDFORM CHANGES OVER TIME IN CASERA40Q025.................... 104
FIGURE 44. BEDFORM CHANGES OVER TIME IN CASERA40Q05...........ccvavee. 105
FIGURE 45. BEDFORM CHANGES OVER TIME IN CASERA40Q1L.........cccocevnee. 106

FIGURE 46. COMPARISON OF BEDLOAD TRANSPORT RATE AT VARIOUS TIME
INTERVALS FOR CASENA AND CASERA2Q025-Q1L. .....cvivevviiiiriiiieeine 108
FIGURE 47. COMPARISON OF BEDLOAD TRANSPORT RATE AT VARIOUS TIME
INTERVALS FOR CASENA AND CASERA20Q025-Q1. .....cccviviveviiiiiiine 109
FIGURE 48. COMPARISON OF BEDLOAD TRANSPORT RATE AT VARIOUS TIME
INTERVALS FOR CASENA AND CASERA40Q025-Q1. .....ccoevvveeriiiieiine 110
FIGURE 49. COMPARISON OF MEAN VELOCITY (A) AND TURBULENT KINETIC
ENERGY (B) CONTOURS IN THE CENTRAL VERTICAL PLANE (z/W=0.5) FOR
CASENAL bbbt s 113
FIGURE 50. COMPARISON OF MEAN VELOCITY (A) AND TURBULENT KINETIC
ENERGY (B) CONTOURS IN THE CENTRAL VERTICAL PLANE (z/W=0.5) FOR
CASENAL bbbt s 116
FIGURE 51. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (z/W=0.5)
FOR CASERA2QO25. ...ttt 117

XVi ¥



FIGURE 52. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (2/W=0.5)
FOR CASERAZQUOD. ......ociitii ittt sttt et e ree s 118
FIGURE 53. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (2/W=0.5)
FOR CASERAZQL. ...ttt ettt ettt 119
FIGURE 54. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (2/W=0.5)
FOR CASERAZ20QO25. ......ooiiiieeiiee ettt ettt et eane s 120
FIGURE 55. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (Z/W=0.5)
FOR CASERA20QOB. ......oiiieiieieee ettt ane s 121
FIGURE 56. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (Z/W=0.5)
FOR CASERAZ20QL. ....ooiiieieieeee ettt nne s 122
FIGURE 57. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (Z/W=0.5)
FOR CASERAZADQOZ5. ..ottt ane s 123
FIGURE 58. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (2/W=0.5)
FOR CASERAZDQOD. ..ottt nne s 124
FIGURE 59. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) CONTOURS IN THE CENTRAL VERTICAL PLANE (2/W=0.5)
FOR CASERAZDQL. ...ttt nne s 125
FIGURE 60.COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) PROFILES IN THE CENTRAL VERTICAL PLANE (z/W=0.5)
BETWEEN CASENA AND CASERA2Q025-Q1. ....cvoiiieieierie e 128
FIGURE 61. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) PROFILES IN THE CENTRAL VERTICAL PLANE (z/\WW=0.5)
BETWEEN CASENA AND CASERA20Q025-Q1L. ....cccvvviiviiiiieriee e 129
FIGURE 62. COMPARISON OF MEAN VELOCITY (A, B) AND TURBULENCE
INTENSITY (C, D) PROFILES IN THE CENTRAL VERTICAL PLANE (z/W=0.5)
BETWEEN CASENA AND CASERA40QO025-QL. ......coovieeiieeiee e, 130

Xvii v ] &+



FIGURE 63. RELATION BETWEEN THE MAXIMUM SCOUR DEPTH AND NEAR-BED
MEAN VELOCITY (A), TURBULENCE INTENSITY (B), MAXIMUM MEAN
VELOCITY (C), AND TURBULENCE INTENSITY (D) IN THE CENTRAL
VERTICAL PLANE AT x = 0 BETWEEN CASENA AND CASERA2................ 131

FIGURE 64. RELATION BETWEEN THE MAXIMUM SCOUR DEPTH AND NEAR-BED
MEAN VELOCITY (A), TURBULENCE INTENSITY (B), MAXIMUM MEAN
VELOCITY (C), AND TURBULENCE INTENSITY (D) IN THE CENTRAL
VERTICAL PLANE AT x = 0 BETWEEN CASENA AND CASERAZ20............. 132

FIGURE 65. RELATION BETWEEN THE MAXIMUM SCOUR DEPTH AND NEAR-BED
MEAN VELOCITY (A), TURBULENCE INTENSITY (B), MAXIMUM MEAN
VELOCITY (C), AND TURBULENCE INTENSITY (D) IN THE CENTRAL
VERTICAL PLANE AT x = 0 BETWEEN CASENA AND CASERAA4O. ............ 133

FIGURE 66. VORTEX STRUCTURES VISUALIZED BY Q-CRITERION (ISOSURFACE:
Q=300) AT A TIME INSTANT FOR CASENA (A) AND CASERA20Q1 (B).....135

FIGURE 67. JOINT FREQUENCY DISTRIBUTIONS OF u’ AND V' WEIGHTED BY qX
MEASURED AT X =0.015m (a,d), 0.075m (b,e), AND 0. 175 m (¢, f)
FOR CASENA (a, b, c) AND CASERA20Q1 (d, e, f). ..ccoeooviieiiiieieee 140

FIGURE 68. SCHEMATIC DIAGRAM OF BACKWARD-FACING STEP FLOW, RE-
ADAPTED FROM SODJA, (2007)...ccuicieieie ettt sre e s 176

XViii 1 O 1]



CHAPTER 1. INTRODUCTION

1.1 General introduction

Hydraulic structures, such as dams, weirs, flood gates, grade control and drop structures,
are built to prevent bed degradation and maintain a high upstream water level to facilitate
irrigation, drainage systems, and ship navigation. Despite playing an important role in
various human purposes, the construction of these hydraulic structures can cause a range
of engineering problems related to aquatic habitats and channel morphology. In South
Korea, the Singok submerged weir in the Han River has attracted attention due to
environmental issues caused by flow characteristics influenced by the presence of the weir
(Park and Lee, 2015; Kim, 2020). The flow regime is highly sensitive to the timing of high
tides, low tides, and flooding events, leading to variations in the flow regime ranging from
surface jet flow to impinging jet flow. The local scour behind weirs have also been issues
in South Korea. The hydraulic structures where scouring has been notably problematic
include the Changnyeong-Haman weir and Gangjeong weir on the Nakdong River and the
Gongju weir on the Geum River (Yoo et al., 2012; Nguyen et al., 2015; Kwon et al., 2019;
Kim and Kim, 2020). The loss of bed protections due to scouring downstream of these
weirs has become a significant societal issue. Such scour behind hydraulic structures has
also attracted great attention worldwide because it can lead to the failure of the structures
(Bormann and Julien, 1991; Hoffmans and Pilarczyk, 1995; Pagliara and Palermo, 2015;

Yalin, 1977; Vanoni, 2006; Dey and Barbhuiya, 2004; Garci, 2008).



The previous studies revealed that the interaction of flow, sediment movement, and the
design of these structures can lead to local scour, sediment deposition, and erosion of
structural components. Consequently, understanding and predicting the sediment transport
processes are important for effective river management and the design of hydraulic

infrastructure.

The investigations of interactions between flow and sediment transport are crucial
components in ensuring the durability and safety of the hydraulic structures. A thorough
understanding of the complex interrelationships between flow, sediment behavior, and
structure can significantly contribute to the optimization of engineering practices in the
field of river management. By examining these factors, researchers and engineers can
identify vulnerabilities in existing structures, formulate innovative solutions to mitigate
local scour and sediment deposition, and enhance the overall resilience of hydraulic
infrastructures. Consequently, continued study of flow-sediment interactions and effective

countermeasures are essential for maintaining the functionality of hydraulic structures.

However, investigating flow-sediment interactions is inherently challenging due to their
complex, dynamic, and multidisciplinary nature. These interactions involve nonlinear
processes, vary spatially and temporally, and depend on the diverse properties of sediments
and the scale of observation. To address the challenges of scrutinizing the flow-sediment
interactions, many researchers have employed experimental investigations, field
observations, and numerical modeling to study the sediment transport mechanism over
hydraulic structures and develop design guidelines that minimize the risks associated with

sediment transport (Chatterjee and Ghosh, 1980; Hassan and Narayanan, 1985; Ali and



Lim, 1986; Nezu and Nakagawa, 1993; Chiew, 1995; Nelson et al., 1995; Melville and
Coleman, 2000; Julien, 2010; Chatterjee et al., 1994; Hoffmans, 1998; Dey and Westrich,
2006; Guan et al., 2014; Schmeeckle, 2015; Ban and Choi, 2022). Both laboratory
experiments and numerical models provide valuable insights into the study of flow-
sediment interactions in natural. While laboratory experiments excel in offering controlled
conditions and direct observation of phenomena, they can sometimes be limited by
resource constraints and the challenge of replicating real-world conditions at a smaller
scale. In such cases, numerical models can complement physical experiments by
simulating a wider range of conditions, incorporating more detailed measurements, and

reducing resource requirements.

This thesis conducts numerical simulations to investigate the flow characteristics and
sediment transport processes behind submerged hydraulic structures. The complex
interaction between flow structures and bedload transport is examined using quadrant
analysis behind a backward-facing step (BFS). The BFS is a widely adopted representative
geometry that can represent structures such as sharp-crested weirs, bed sills, drop
structures, and grade control structures where the cross-sectional area of the flow abruptly
changes, inducing separation flows. This study primarily investigates the changes in flow
separation and turbulence characteristics as the BFS angle varies and examines their

interaction with bedload transport.

Furthermore, the flow and sediment behaviors of submerged wall jet flow behind an

apron during the opening of a sluice gate are also investigated. As the sediment transport



rate is high in this flow regime, the bed profile change over time is presented. Then, the

effect of wide-area air injection on the flow structure and sediment behavior is evaluated.

A coupled model of large eddy simulation (LES) and discrete element method (DEM)
is employed to reproduce the instantaneous near-bed turbulence structures and sediment
behaviors. The three-dimensional hydrodynamics are simulated using LES approach to
capture the large eddy motions by means of time-dependent, 3D Navier-Stokes equations.
Meanwhile, the universal behaviors of smaller eddies (subgrid-scale) are solved by
Smagorinsky model (Smagorinsky, 1963). The numerical model used in this study is
thoroughly validated against experimental data to ensure its reliability. The outcomes of
the present study are anticipated to provide valuable insights for the management of
hydraulic infrastructures and river systems, contributing to their long-term sustainability

and resilience against erosion and sedimentation-related challenges.

1.2 Motivation and necessity of research

While plenty of studies have investigated the flow characteristics and sediment
behaviors over the hydraulic structures under impinging jet flows (Farhoudi and Smith,
1985; Bormann and Julien, 1991; Chatterjee et al., 1994; Gaudio et al., 2000; Ben Meftah
and Mossa, 2006; Tregnaghi et al., 2007; Ben Meftah and Mossa, 2020), the study under
surface jet flows with lower Froude number, conceptualized by Rajaratnam and
Muralidhar (1969), still has received less attention so far. Indeed, attention should also be

paid to the surface jet flow, wherein a highly intense turbulent flow zone is formed due to



the flow separation, and consequently the intensified turbulent flow can induce sediment
transport (Nezu and Nakagawa, 1994; Nelson et al., 1995; Liu et al., 2007; Guan et al.,
2014; Ban and Choi, 2022). Generally, the mechanisms that induce sediment movement
behind submerged structures in surface jet flow are known to be highly complex due to the
uneasily reproducible large-scale coherent structures. The sediment motion in the
separation zone is primarily affected by the eddies that develop along the separated shear
layer (SSL). The eddies dominantly contribute to the growth of the shear layer, exchanging
the momentum between the outside and inside of the separation zone. This eddy evolution
process is of primary importance in generating large-scale coherent structures, which is
the most influential factor in the instantaneous shear stress and pressure distributions inside
the separation zone (Nezu and Nakagawa, 1993; Nelson et al., 1995). Several studies have

investigated flow-sediment interactions with a perpendicular BFS.

Nelson et al. (1995) conducted laboratory experiments on a perpendicular BFS,
measuring instantaneous near-bed flow velocities and bedload transport rates behind the
separation zone. They assessed the impact of individual turbulence events (e.g., outward,
burst, inward, and sweep events) on sediment movement, identifying the dominant
turbulence events responsible for sediment transport. Schmeeckle (2015) performed a
three-dimensional numerical analysis under conditions identical to those of Nelson et al.'s
(1995) experiment. The numerical results identified the splat effect caused by fluctuations
in high vertical velocities near the bed, which accelerated sediment movement. However,
the aforementioned studies were confined to a perpendicular step angle. According to the
findings by Ruck and Makiola (1993), flow and turbulence characteristics in separation
zone change substantially with varying reattachment lengths, depending on the BFS angle.
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In this context, it is essential to further examine the influence of turbulence structures in
the separation zone on sediment behavior across various BFS angles. Moreover, the area
under study should include not only the area downstream of the separation zone, as
examined in the aforementioned studies, but also the entire region behind the BFSs,

including the separation zone.

In addition to studying sediment behaviors in surface jet flow, the sediment transport
process by horizontal wall jet flow behind an apron (bed protection) when a sluice gate is
opened is investigated. This local scouring process can cause significant damage to
hydraulic structures, and the sediment transport rate in this regime is much higher than that
in surface jet flow. Scouring occurs when the wall jet flows through the apron and
encounters the bed material, creating a scour hole around the foundation of the structure
(Chatterjee and Ghosh, 1980; Hassan and Narayanan, 1985; Ali and Lim, 1986; Chatterjee
et al., 1994; Hoffmans, 1998; Dey and Westrich, 2006). This can lead to instability of the
structure and potentially catastrophic failure. Therefore, several countermeasures,
including altering the roughness of the upstream boundary, implementing bed sills, and
injecting air, have been studied to mitigate the significant scouring rate (Dey and Westrich,
2006; Dey et al., 2010; Champagne et al., 2016a & 2016b; Tipireddy and Barkdoll, 2019).
Of these countermeasures, air injection can be more cost-effective than other measures,
although it requires an air compressor with power supply. The effectiveness of air injection
has been demonstrated in practice, which reduces the strength of the horizontal flow by
redirecting the flow upward and thereby significantly reducing scouring (Champagne et
al., 2016a & 2016b). In these studies, the air-injection area was only confined to the
termination point of bed protection. However, as noted by Dey et al. (2010), the mean
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streamwise flow velocity over the apron can be substantially reduced using a wide-area
injection method. In this respect, it is worth considering the wide injection approach as a
new scour mitigation measure. By using the wide-area injection, the air velocity required
to balance the total injected air flow rate is not as high as it is with local air injection. The
effectiveness of varying air injection areas and air injection flow rates needs to be assessed
to enhance our understanding of how air injection mitigates local scour. This can be
achieved by investigate the flow and turbulence structures over the scour zone, including
the upstream of the apron, and identify the correlation between the flow structure and the

Scour process.

1.3 Objectives

This thesis first aims to investigate the flow and turbulence structures downstream of
various inclined BFSs, as well as their interactions with sediment behaviors under surface
jet flow. Given that there have not been studies investigating the effect of step angles on
flow and sediment movements in surface jet flow, it is necessary to examine how flow-
sediment interactions change depending on different step angles. Since the sediment
transport process in surface jet flows typically occurs very slowly over time, bedform
change is not analyzed for this flow regime. Instead, the bedload transport rate over a
certain period is considered the primary factor to be linked with the instantaneous flow
field to investigate the interaction between flow and sediment behaviors. The subcategories

of this objective are as follows:

1. Coupling 3D LES (Large-Eddy Simulation) with DEM (Discrete Element Method)

and setting up the coupled model through thorough validation.
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2. Compare the bedload transport rate behind the various inclined BFSs.

3. Evaluate the contribution of each turbulence event to sediment movement behind

the various inclined BFSs.

This study further examines the flow structure and the scour process downstream of an
apron based on the established LES-DEM model. To implement the free surface and air
injection, the existing two-phase LES-DEM model is expanded to incorporate air phase.
As previous studies (Champagne et al., 2016a & 2016b) have only suggest local air
injection approach, it is necessary to further investigate and evaluate the effect of wide-
area air injection, employing various injection lengths and airflow rates, on flow structures

and scour mitigation. The subcategories of this objective are as follows:

1. Incorporate air phase into the established two-phase LES-DEM coupling model.

2. Compare the flow and turbulence structures over the sediment zone, with and

without air injection, varying the injection area and airflow rate.

3. Evaluate the effectiveness of the wide-area air injection approach in mitigating

scour, varying the injection area and airflow rate.



1.4 Study outline

This thesis is comprised of nine chapters. Chapter 1 provides a general introduction and
clarifies the motivations and the need for conducting this research. Chapter 2 elucidates the
characteristics of two different flow regimes, surface jet flow and submerged wall jet flow, which
are covered in this study, are explained in this chapter. Chapter 3 reviews previous studies on
flow and sediment behavior over hydraulic structures, such as submerged BFS and sluice gates.
Chapter 4 presents the governing equations and the coupling method of the hydrodynamic model
(LES) and particle model (DEM), as well as the method of incorporating air phase. Various
measurement methods used in simulations for calculating flow and sediment variables, and their
interactions are presented. Chapter 5 outlines the computational domain and specifics of the
numerical applications for the two different flow regimes. Chapter 6 evaluates the performance
of the LES-DEM coupling model by comparing the simulated flow and sediment variables with
observed data. Chapter 7 presents numerical results on the flow structures and sediment behaviors
in both surface jet flow and submerged wall jet flow. For surface jet flow, flow and turbulence
structures, as well as the bedload transport rate, are primarily examined across various BFS
angles, with a focus on the characteristics of flow separation. For submerged wall jet flow, the
main discussion revolves around the effect of wide-area air injection, varying the air injection
flow rate and injection lengths, on scour mitigation. In both flow regimes, the interaction between
the flow and sediment is investigated using quadrant analysis technique. Chapter 8 summarizes
the findings from the simulation results and suggests directions for future research. Figure 1

schematizes the flow chart of the research procedure.



LES-DEM

Air phase incorporated

coupling

Various inclined
BFSs

Flow and turbulence structure Sediment transport rate

Local scour
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Figure 1. Flow chart of the research procedure
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CHAPTER 2. BACKGROUND CONCEPTS

2.1 Surface jet flow behind BFS

Surface jet flow is one of the flow regimes classified by Wu and Rajaratnam (1996,
1998). They found that various flow regimes exist depending on the relationship between
the upstream and downstream water depth of a submerged hydraulic structure, such as a
sharp-crested weir and a drop structure (BFS). They classified the flows into an impinging
jet and surface jet flow based on various ranges of tailwater levels. They further divided
the surface flow regime into three sub-regimes of surface jet, surface wave, and breaking
surface wave according to water level fluctuation right behind the submerged structures.
The snapshots in Figure 2 illustrate the four different flow regimes over a drop structure,
which can be considered a backward-facing step (BFS). As shown in Figure 2, the flow in
surface jet regime is discharged parallel to a free surface and is separated at the BFS. The
flow and turbulence characteristics, and sediment movements at downstream are featured
by the flow separation and reattachment, which lead to the formation of large-scale
coherent structures and intensified turbulence diffusion (Nezu and Nakagawa, 1993;
Nelson et al., 1995; Chang et al., 2011). The sediment transport in this flow regime is
mainly caused by the splat effect when the large-scale vortex structures impinge the bed

(Nelson et al., 1995; Stoesser et al., 2008; Schmeeckle, 2015).
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2.2 Submerged wall jet flow behind sluice gate

Submerged wall jet flow occurs when a sluice gate opens in quiescent water. This type
of flow typically exhibits high stream velocity and bring massive turbulence, being
discharged parallel to a bed protection. The near-wall high flow velocity generates
substantial local shear stresses that typically exceed the critical shear stress required to
initiate the movement of sediment, playing a significant role in the sediment transport
process downstream of the apron (Khaleel and Othman, 1997; Laursen, 1952; Tarapore,
1956; Hogg et al., 1997; Chatterjee and Ghosh, 1980; Hassan and Narayanan, 1985; Ali
and Lim, 1986; Chatterjee et al., 1994; Hoffmans, 1998; Dey and Sarkar, 2008). A local
scour hole is rapidly formed as the wall jet flow passes a solid boundary and encounters
the sediment with high energy. As the scour depth increases, the shear stress exerted on
the bed is reduced; consequently, this decrease in shear stress slows down the erosion rate.
It is well known that the scour depth increased with the increase of the flow velocity and
the diameter of the sluice gate. Figure 3 depicts the schematic diagram of wall jet flow

behind a sluice gate.
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Figure 3. Schematic diagram of submerged wall jet flow behind sluice gate.

Figure 4 depicts the schematic diagram of the boundary for wall jet flow. As shown in
the figure, the boundary is typically divided into the jet layer and the circulatory layer. The
jet layer is further subdivided into an inner layer and an outer layer. The thickness of the
inner layer, which is commonly used as a normalization factor in jet flows, is determined
as a distance from the bottom boundary to the point where the jet velocity reaches its

maximum, U,.
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CHAPTER 3. LITERATURE REVIEW

3.1 Surface jet flow behind BFS

3.1.1 Flow and turbulence structure in separation zone

In the separation zone behind a BFS under surface jet flow, the sediment motion is
primarily affected by the eddies that develop along the separated shear layer (SSL) (Nezu
and Nakagawa, 1993). The eddies dominantly contribute to the growth of the shear layer,
exchanging the momentum between the outside and inside of the separation zone. This
eddy evolution process is of primary importance in generating large-scale coherent
structures, the most influential factor in the instantaneous shear stress and pressure
distributions inside the separation zone. A series of energetic coherent vortices, called
“kolk-boil” vortices, are known to be generated at the vicinity of the reattachment point
behind a single-sided BFS as the vortices along the SSL impinge on the reattachment zone,
and these coherent structures are known to induce the sediment entrainment (Kiya and
Sasaki, 1985; Iseya and Ikeda, 1986; Nezu and Nakagawa, 1989a; Nezu and Nakagawa,
1989b). It was reported in Eaton (1980) that the turbulent diffusion in terms of TKE and
Reynolds stress is the highest in the separation zone. Several studies have also identified
the high TKE and Reynolds stresses along the SSL (McLean and Smith, 1979; van Mierlo
and de Ruiter, 1988; Nelson et al., 1993; Bennett and Best, 1995), indicating that the
coherent vortices dominate the turbulence structure over the separation zone behind a BFS.
According to Miller and Gyr (1986), Kadota and Nezu (1999), and Le Couturier et al.
(2000), these large coherent vortices resemble hairpin vortices (see Figure 5).
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Figure 5. Conceptual model of a vortex tube formation behind dune proposed by
Miller and Gyr (1986).

Several studies have examined the effect of flow separation on the instantaneous flow
structures. Stoesser et al. (2008) have confirmed the influence of large-scale coherent
vortices on the instantaneous flow field under a submerged flow over a fixed periodic dune
profile. Their numerical results demonstrated that the large-scale coherent vortices
generated by the flow separation splash on the bed, consequently, to increase the high
pressure and turbulent diffusion throughout the separation zone; this phenomenon is
known as the splat effect. Guan et al. (2014) examined the flow characteristics behind a
submerged sharp-crested weir under surface jet flow. They confirmed that the sudden
change of the flow area at the weir caused the propagating flow to be separated; and the
maximum near-bed turbulence intensity in the separation zone can be considered a key

factor in determining a scour hole’s dimension. The bed shear stress distributions
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calculated based on the measured turbulent kinetic energy appeared larger than the critical
bed shear stress only for a certain distance behind the weir. More recently, based on the
same flow and geometric parameters in Guan et al. (2014), Ban and Choi (2022)
numerically explored the turbulent structures near the flatbed and equilibrium scour hole
downstream of the sharp-crested weir. They visualized the instantaneous vortical
structures along the SSL and focused more on the role of instantaneous flow behaviors
than time-averaged ones. Their simulation results found that the maximum and the total
amount of turbulent kinetic energy were larger for the equilibrium bed profile than for the
flatbed. However, it turned out that the near-bed turbulent Kinetic energy was greater for
the flatbed than for the equilibrium bed profile. The mentioned studies above contributed
to finding the effect of flow separation on the turbulent flow structures under surface jet

flow.

3.1.2 Flow-sediment interaction in separation zone

There have been a few studies that examined to find out a correlation between the
instantaneous flow structures and sediment behaviors in the separation zone. Nelson et al.
(1995) conducted several laboratory experiments over a perpendicular BFS and measured
the instantaneous near-bed flow velocities behind the BFS using Laser Doppler
Velocimetry (LDV). Their findings identified that the sediment transport in a separation
zone is mainly determined by instantaneous flow structures rather than time-averaged
ones. It suggests that the local mean bed shear stress cannot be used as a suitable parameter

for estimating the sediment load in a separation zone. They also found the joint frequency
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distributions of fluctuating near-bed velocity using the quadrant analysis. The joint
frequency was then weighted by the instantaneous bed load transport rate, measured by a
high-speed camera at the same sampling frequency of the flow velocity. This enabled the
quantification of the contribution of each turbulence event (e.g., the outward, burst, inward,
and sweep events) to moving the sediment particles downstream of the flow reattachment
point. It turned out that the outward and sweep events were the dominant turbulence types
to drag most sediments behind the separation zone. More recently, a three-dimensional
numerical study using a perpendicular BFS has been performed by Schmeeckle (2015),
following the experiment of Nelson et al. (1995). His results suggest that the high
instantaneous vertical velocity near the bed is a major factor in determining the splat effect,
which leads to the increased instantaneous bed shear stress and pressure, hence increasing

the sediment movement.

The studies mentioned above significantly contributed to a comprehensive
understanding of complex flow characteristics and sediment transport processes, including
their interactions, under surface jet flow. However, given that these studies only considered
perpendicular angle of the step, it is necessary to investigate the flow and sediment

behaviors for a wider range of BFS angles.

3.1.3 Effect of BFS angle on reattachment length

The reattachment length behind a BFS is determined by several geometric and flow
parameters, such as the Reynolds number, expansion ratio, and upstream boundary layer
state (Kuehn, 1980; Armaly et al., 1983; Durst and Tropea, 1983; Adams and Johnston,
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1988; 0 tiigen, 1991; Williams and Baker, 1997; Tylli et al., 2002; Biswas et al., 2004; Nie
and Armaly, 2004; Chen et al., 2006). Despite a wide range of previous studies on BFS
flows, the dependence of the flow and turbulence characteristics, primarily reattachment
length, on the BFS angle remains ambiguous. Chen et al. (2006) conducted 3D numerical
simulations to figure out the effect of BFS angle on the flow structures and heat transfer
distribution in a rectangular duct. The results showed that the magnitude of friction
coefficients downstream of the BFS increases over the flow reattachment zone. As the BFS
angle increases, the recovery of the friction becomes slower behind the flow reattachment
zone. They did not provide any near wall turbulence measurements, such as turbulence

intensity and Reynolds stress.

Ruck and Makiola (1993) conducted a total of 75 wind-tunnel experiments, varying the
BFS angles and expansion ratios. The results indicated that the flow separation occurs at
BFS angles between 15~20°. The reattachment length was observed to increase
asymptotically with the BFS angle at high Reynolds numbers, defined in their study as
over 15,000. It also turned out that the near-bed turbulence intensity in the separation zone
increases drastically once the flow separation occurs, reaching its maximum around the
flow reattachment point. Choi and Nguyen (2016) investigated the overall flow pattern
over a BFS with various step angles based on numerical simulations using Reynolds
averaged navier-stokes equation (RANS) and large eddy simulations (LES) following the
experimental configurations in Ruck and Makiola (1993). The simulation results indicated
that the LES approach provides greater accuracy than RANS in reproducing flow
characteristics, such as velocity and turbulence intensity profiles, when compared with the
measurement data of Ruck and Makiola (1993). It also revealed that the increase ratio in
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reattachment length dramatically decreases from a BFS angle of 45° in high Reynolds
number cases, which is consistent with the findings by Ruck and Makiola (1993). Table 1
summarizes the representative previous studies on flow and sediment behaviors in

hydraulic structures with separation flow for surface jet flow regime.

Table 1. Previous studies on flow and sediment behaviors by separation flow in
surface jet flow.

References Experiment Geometry Main findings
The effect of boundary layer state on turbulent flow
Eaton (1980) Lab BFS behind a BES.
Nezu and Sediment beheviors associated with coherent
Nakagawa Lab BFS structures in separation zone
(1993) P '
Ruck and Lab Inclined Flow and turbulence strctures over various inclined
Makiola (1993) BFSs BFSs using wind tunnel experiments.
Nelson et al. Lab BES Quantified flow-sediment interactions by quadrant
(1995) analysis downstream of the separation zone.
Stoessor et al. CED Fixed periodic Instantaneous flow and vortex structures over the
(2008) dune separation zone.
Guan et al. Lab Sharp-crested The maximum near-bed turbulence intensity as a
(2014) weir key factor in determining a scour hole’s dimension.
Schmeeckle CED BES Numerically |dent|f|e_d the splat effect in the
(2015) separation zone.
Ban and Choi CED Sharp-crested | The role of instantaneous flow behaviors than time-
(2022) weir averaged ones in flow patterns
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3.2 Local scour by horizontal wall jet flow

Local scouring induced by the action of wall jet flow near hydraulic structures has been
of primary interest due to its potential to cause structural failure. The scour due to 2D
horizontal wall jet flow was examined by Laursen (1952), Tarapore (1956), and Hogg et
al. (1997). Chatterjee and Ghosh (1980) investigated the velocity distribution of wall jet
flow as it develops over the apron and subsequent scour hole. Hassan and Narayanan
(1985) examined the flow structure and similarity of scour profiles downstream from an
apron caused by a submerged wall jet. They suggested a semi-empirical relationship based
on the mean velocity within the scour hole to estimate the changes in scour depth over
time. Ali and Lim (1986) proposed several different equations to characterize the flow
structures, scour volume, and time-dependent scour holes caused by two-dimensional and
three-dimensional jets. Johnston (1990) investigated the scour hole developed by a plane
jet entering shallow tailwater conditions through laboratory experiments. He identified
three distinct scour hole regimes, with two involving the jet permanently attaching to either
the bed or the free surface boundary, and the third occurring when the jet alternates
between the two boundaries. Chatterjee et al. (1994) conducted numerous laboratory
experiments on various sluice openings and jet velocities for two different grain sizes.
They discovered relationships that estimate the dimensions of a scour hole, such as
maximum depth and location, based on time, discharge velocity, jet diameter, and mean
grain size. It was revealed that the scour rate is significantly higher during the first few
minutes and slower as scouring continues. They found that the scour depth increased with

the increase of the flow velocity and the diameter of the jet. Hoffmans (1998) investigated
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the equilibrium scour process caused by both plunging and horizontal jets without bed
protection. Using Newton's second law, he derived relations to predict the maximum scour
depth in the equilibrium state. Dey and Westrich (2003) carried out several experiments
with cohesive sediment for various sluice openings, jet velocities, and apron lengths to
investigate the time variation of scour hole and flow characteristics of the quasi-
equilibrium state of scour of a cohesive bed. There was also an attempt to use CFD
(Computational Fluid Dynamics) by Karim and Ali (2000) to examine flow and turbulence
characteristics induced by a turbulent water jet impinging on a rigid surface and scoured
bed. They used FLUENT based on various turbulence closure models to implement the
flow field. The numerical results showed close agreement with relevant experimental data.
Dey and Sarkar (2008) examined the mechanisms of the scour process by analyzing the

velocity and turbulence intensity distributions across various stages of bed form evolution.

There have been several attempts to mitigate the local scouring behind a bed protection.
Dey and Sarkar (2006) installed a launch apron behind the rigid apron to examine the scour
reduction by the launch apron. The launching apron reduced scour depth by an average of
39%, with a maximum of 57.3% and a minimum of 16.2%. Although not directly related
to scour reduction, Dey et al. (2010) investigated the flow velocity and turbulence by
varying the velocity of the vertically injected water. In the presence of water injection, the
wall shear stress and the rate of jet velocity decay were found to increase. Champagne et
al. (20164, b) examined the impact of air injection on scouring, considering variables such
as air velocity, injection angle, diffuser width, diameter, and spacing, on the scouring
process at a gated spillway with stilling basins. They varied the angle of air injection from
-40 degrees (directed upstream) to 140 degrees (directed downstream) and found that scour

23 3 ]

-
|



was significantly reduced at the vertical injection angle. This result indicates that deviating
from the vertical injection angle does not contribute to further scour reduction. They
confirmed that locally injected air in vertical direction at the end of apron reduced scour
by approximately 59% near the structure. The work of Champagne et al. (2016b) is most
closely related to the present study, as they also aimed to mitigate scouring through air
injection. However, given that their research has not examined the flow and turbulence
structures over the upstream bed and scour zone, further investigations are needed to better
understand the physical mechanisms of flow alteration by air injection and its effect on the
scour process. In addition, additional investigations must be conducted to determine the
most effective amount and locations of air injection to identify the most efficient
countermeasures against scouring. Table 2 summarizes the representative previous studies

on scouring by horizontal wall jet flow.
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Table 2. Previous studies on flow characteristics and scouring by horizontal wall jet

flow.
References Experiment | Method Main findings
Chatterjee and Lab i Velocity distribution of wall jet flow over an apron
Ghosh (1980) and scour hole
Hassan and Flow structure and similarity of scour profiles
Narayanan Lab i downstream from an apron
(1985)
Aliand Lim Lab i Equations to characterize the flow structures, scour
(1986) volume, and time-dependent scour holes
Johnston (1990) Lab i Scour hole developed by a plan_e_jet entering shallow
tailwater conditions
Chatterjee et al. Lab i Estimation the dimensions of a scour hole based on
(1994) flow and sediment parameters
Hoffmans Lab i Relations to predict the maximum scour depth in the
(1998) equilibrium state based on Newton's second law
Karim and Ali CED i Flow velocities and shear stresses induced by a
(2000) turbulent water jet over scoured bed
Dey and Time _variation of scour h_o!e a_md the flow
Westrich (2003) Lab - characteristics of the qua5|-e_qU|I|br|um state of scour
of a cohesive bed
Dey and Sarkar Lab Launch Reduction in the maximum scour depth by placing a
(2006) apron launch apron downstream of the rigid apron
Dey and Sarkar Lab i Flow structures of submerged jets in evolving scour
(2008) hole downstream of an apron
Dey and et al. L Water Reduction in bed shear stress in the presence of
ab L S
(2010) injection upward injection
Champagne et Lab Air The effect of air velocity, injection angle, diffuser
al. (20163, b) injection width, diameter, and spacing on scouring
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CHAPTER 4. METHODOLOGY

Turbulence fluctuation is characterized by random motion (small-scale eddies) and
coherent structure (large-scale eddies). While the second-order moment of Gaussian
probability distribution can describe the random motions, the coherent structures known
as large-scale eddies or vortices have a life cycle including birth, development, interaction,
and breakdown, whose evolutionary relations cannot be represented by means of
conventional probabilistic tools, but by the higher-order moments. In addition, the large
eddies have a significant contribution to the sediment behaviors downstream of the step
geometry; on the other hand, the universal behaviors of smaller eddies need to be captured.
These behaviors suggest that the LES technique is appropriate for the study of the
interaction between turbulence and sediment transport. Moreover, the sediment
movements are resolved by DEM, whose particles are advected according to the forces
exerted by the instantaneous flow field. DEM has a significant advantage of being able to
directly quantify kinetic properties of numerical sand grains, such as instantaneous particle
velocity, particle-particle contact force, and particle-wall contact force. Using DEM, we
can calculate the bedload transport rate based on each particle’s instantaneous velocity and
volume at any measurement points. It can be stated that DEM can provide a more accurate
estimate of bedload transport rate in a direct way than conventional methods that can only

describe a time-averaged value based on mean bed shear stress.

Therefore, in this study, a coupled LES-DEM model (Goniva et al., 2012) is employed

to reproduce the instantaneous near-bed turbulence structures and sediment behaviors. The
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three-dimensional hydrodynamics based on OpenFOAM (OpenCFD, L. T. D, 2009) are
simulated using the LES approach to capture the large eddy motions by means of time-
dependent, 3D Navier-Stokes equations. Meanwhile, the universal behaviors of smaller
eddies (subgrid-scale) are solved by the Smagorinsky model (Smagorinsky, 1963). The

numerical model is validated against experimental data to ensure its reliability.

4.1 Numerical simulation using OpenFOAM

OpenFOAM, an abbreviation for Open Field Operation and Manipulation, is an
esteemed open-source Computational Fluid Dynamics (CFD) software (OpenCFD, L. T.
D, 2009). OpenFOAM numerically solves the governing equations of fluid dynamics,
primarily the Navier-Stokes equations for momentum conservation and the continuity
equation for mass conservation. Depending on the problem's complexity, it may also solve

additional equations like energy or species transport equations.

One of the general aspects of OpenFOAM is the discretization of the governing
equations using the Finite Volume Method (FVM), which converts the continuous domain
into a finite number of control volumes, thereby transforming the partial differential
equations into algebraic equations. This discretization is closely linked to mesh generation,
where the computational domain is divided into polyhedral cells, and the quality of this
mesh is vital for solution accuracy and stability. OpenFOAM supports structured and
unstructured meshes and offers users a wide array of discretization schemes such as

upwind schemes, central differencing, and QUICK to tailor the approach to the
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simulation's needs. Alongside mesh generation, defining appropriate boundary conditions
is essential. OpenFOAM provides various boundary conditions for different field variables

with the choice depending on the physical problem and domain geometry.

After laying the foundation through discretization and boundary conditions, selecting a
suitable solver is imperative. OpenFOAM features an extensive solver library catering to
different fluid flow problems, from incompressible to compressible and laminar to
turbulent flows. When dealing with turbulent flows, OpenFOAM offers a selection of
turbulence models, such as Reynolds Averaged Navier-Stokes (RANS) turbulence closure
models, and Large Eddy Simulation (LES). Choosing a turbulence model involves

considering the trade-offs between accuracy and computational cost.

Determining numerical time step is another integral component, especially for transient
simulations. OpenFOAM covers both steady-state and transient simulations, offering
various time discretization options. Additionally, it incorporates iterative solution
algorithms and linear equation solvers. In this study, Pressure Implicit with Splitting of
Operators (P1SO) algorithm is used to reproduce the unsteady flows. The interFoam solver
is designed to solve problems involving unsteady, incompressible flow where the phases
are immiscible and the shape of the interface is of interest. The PISO algorithm is in
conjunction with the Volume of Fluid (VOF) method, which is a widely used method for
interface capturing or tracking in multiphase flows. The behaviors of air, water, and
sediment can be described using the coupled model between the interFoam solver and

DEM. A detailed description of coupling is in Chapter 4.3 and Chapter 4.4.
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4.2 Large Eddy Simulation (LES)

The governing equations of the LES model are achieved by spatially filtering the Navier-
Stokes equations over the finite grid domain. The turbulence scales larger than the filter
width are directly resolved, and the smaller eddies are modeled with the assumption of
isotropic turbulence. Considering the interaction with the sediment phase, the spatially

filtered continuity equation and Navier-Stokes equations are written as follows:

d(png)

—5r T V- (pna1) =0 1)

d(pngu)

ot +V- (pnfﬁﬁ) = —anf) + V(nf‘_t) + pr (2)

u and p denote the resolved flow velocity vector and pressure respectively; p is the fluid

density. n¢ is the volume fraction occupied by the fluid defined as below:
N
ng=1- Zizplv Vpi =Vw+Va)/V (3)

where Ny is the number of particles included in local cell volume V, and V,, is the volume

occupied by DEM particles. V,,, and V, represent the volume occupied by water and air,

respectively. Rygp, is the momentum exchange with sediment phase, which is described in

detail in Chapter 4.3 below. The stress tensor T is defined as follows:
T = (terr) (VU + (VI)T) )

where pegr = 1+ Uggs; M and pggs represent the dynamic viscosity of water and subgrid-
scale (SGS) viscosity, respectively. As aforementioned, the well-known Smagorinsky

model (Smagorinsky, 1963) is adopted for the SGS stress modeling. The spatial filtering

29 1



is conducted implicitly so that the filtering size is dependent on the local grid size. The

grid filter width A is determined based on the local cell volume in such a way:

A= 3[AxAyAz (5)

where Ax, Ay, and Az are local grid sizes in x, y, and z directions; pggs iS quantified

based on the SGS length scale 155 and resolved strain tensor S, as follows:

sgs = PlégslSl,  lsgs = CsA (6)

where the Smagorinsky constant Cg is defined as 0.173 according to Lilly (1966) and Pope
(2000) based on the following relationship:

12 \3
¢ =26e) 0
where C,. = 1.5 is the Kolmogorov constant. However, the Smagorinsky model has the
inherent disadvantage that pggs is sometimes overestimated near a wall boundary. To
solve this, the following Van Driest wall damping function is applied to the nearby cells

of wall boundaries:
lSGS = min(KyD, CSA) (8)

where x and y represent Von Karman constant, defined as 0.41, and the wall normal
distance, respectively. D is a function that accounts for the viscous effect near a wall,

defined as:

y*t *

D=1—exp &%, yt =L C))

\%
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where the model constant A* is determined as 26, as suggested by Van Driest (1956), and
y* represents the dimensionless wall distance. u* is referred to as the friction velocity. By
adopting the wall damping function, the eddy viscosity becomes smaller in the buffer layer

and subsequently almost zero in the sub-viscous layer.

The numerical procedure to solve the pressure-velocity coupling is based on the Pressure
Implicit with Splitting of Operators (P1SO) algorithm with the Gaussian interpolation for
cell-centered data. The first order backward scheme is used for time discretization, and the
second-order schemes are applied to spatial discretization. A blended scheme between the
linear-upwind and central scheme is used for the flow velocity. For diffusive flow
properties, the central scheme is applied. The numerical time step is maintained as 10~* s
for the whole simulation time to keep the Courant number less than 0.4 for all the numerical
cells throughout the computational domain. A validation of the LES model against various

experimental results is presented in Chapter 6.

4.3 Coupling of LES and DEM

The behaviors of numerical sediment grains are determined by the force of surrounding
fluid, and the position and state of motion of the particles affect the fluid field again. The
interaction of flow and sediment phases is reproduced through the LES-DEM coupling

method. The movements of particles are governed by following DEM:

du,
mp, a—t" = Fpp + Fyt + Fpq + Fyp + Fyy + Fyp (10)
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dw
Ip o2 =1 X Fp + Ty, (11)

where u,, is the particle velocity and my, is the particle mass. u, and w,, are respectively
the translational and angular particle velocity. I, represents the angular moment of inertia.
Fyn and Fy, denote the normal contact force and tangential contact force of the numerical
particles, respectively; F,, and Fy,, represent the pressure and viscous force exerted on the
particles, respectively. Fp, mainly consists of the body force due to the gravitational
acceleration g. Fpq is the drag force calculated based on the relative velocity between the
fluid and particles. Ty, is the rolling friction torque. The components of forces in Egs (10)

and (11) are defined as follows:

Fon = —KpnlXx,, + cpnlug, (12)
. t

Fpe = m1n{|kpt fto Aug,dt + cprAup | » UpcFpn } (13)

Fpp = —V,Vp (14)

Fpo = —V-(DV, (15)

pr = mpg (16)
Wyii

= e Fpn| o (17)

Here, Ax, is the overlap distance of particles; Auy,, and Aup, are referred to the normal
and tangential relative velocity at the contact position, respectively. ky, and k, denote

the normal and tangential spring stiffness; ¢, and c represent the normal and tangential
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damping coefficients; t and t, are the simulation and initial times, respectively. u,. and
ur represent the coulomb and rolling friction coefficient, respectively. V,, denotes the

particle volume. wy;; is the relative angular velocity between the i and j-th particles.

pij
The fluid-particle momentum exchange Ry, in Eq. (2) is mostly calculated by means of

the drag force, which is defined as follows:
pr = Kfpu - Kfpllp (18)
where Kg, is defined as follows:

N
DS
Kfp = —1—"‘" (19)

V|u—up|

Here, V denotes the local cell volume, and the drag force F,q is determined based on the

relative velocity of fluid and particle by the theory of Di Felice (1994) as below:
1 —
Fpa = 5 Camdipnf [u — up[(u — uy )ng™ (20)

The components of Eq (20) are defined as follows:

Cq = (0.63 + 4.8/ ,/Re,)’ 1)
Re, = M (22)
x = 3.7 — 0.65exp [—(1.5 - logRep)Z/Z] (23)
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where v and d,, are the kinetic viscosity of water and particle diameter; x and Re, denote

an empirical coefficient and the particle Reynolds number, respectively. C4 is the drag

coefficient applied to each sediment grain.

Particle’s LES solver
; 2% , ; - The momentum 3
movement 1§ Transition of the Fluid volume fraction = transfers the
quantified by DEM data to LES in numerical cells is \-';ri:b]ci are information of fluid
DEM based on solver calculated i field to DEM
. calculated
the flow condition solver

Figure 6. Coupling algorithm between LES and DEM

Figure 6 briefly illustrates the coupling process between flow and particles. First, the DEM
solver computes particle movement using Egs (10) and (11), based on initial fluid
conditions, and transfers the particle data to the LES solver. Subsequently, DEM particles'
properties, such as velocities and positions, are relayed to the LES solver. The LES solver
then identifies the numerical cells containing the DEM particles and calculates the fluid
volume fraction, ng, using Eq (3). Following this, the LES solver computes the momentum

exchange, R¢y, and flow variables based on the fluid governing equations, Egs (1) and (2).

Finally, the LES solver conveys the fluid field information back to the DEM solver,
enabling the particles to be repositioned according to the updated fluid field. More details

about the LES-DEM coupling used in this study can also be found in Goniva et al. (2012).

The time step of updating the sediment movements is chosen as 107> s so that the
coupling between the LES and DEM is implemented every 10 steps of DEM. The good
agreement with experimental data confirms the performance of the LES-DEM coupling,

which is presented in Chapter 6.
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4.4 Incorporation of air phase into LES-DEM model

It is crucial to take into account the effect of the air phase on the flow structure and
sediment transport process in wall jet flow because the water surface fluctuates
significantly due to the high Froude number. Furthermore, implementing air flow is
essential to investigate the influence of air injection on the scouring process. In this
context, the two-phase LES-DEM model described in Chapter 4.3 is extended to
incorporate air phase based on Volume of Fluid (VOF) method. The VOF method is a
popular method for multiphase flow simulation where two or more immiscible fluids are
involved, such as water and air. The fluid density p is calculated considering the volume

fraction of each fluid phase as follows:

P = Ppwhw t+ Palla = Pywhy + pa(l - nw) (24)

where p,, and p, represent the density of water and air; n,, and n, denote the volume
fractions of water and air, respectively. n,, and n, can range from 0 to 1, and their sum is
always 1 in a numerical cell by the VOF model. The effect of the air phase on the drag
force, presented in Eq. (20), is reflected through the mixed p, presented in Eq (24). Based
on Eq. (20), it can be inferred that when the volume fraction of air is dominant in a local

numerical cell, it does not contribute significantly to sediment transport due to its low p.
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n,=1 air

Figure 7. Schematic illustration of the fluids (water and air) and sediment based on
the volume fraction in a numerical cell.

Figure 7 depicts the varying conditions of volume fractions within a numerical cell. When
a numerical cell is fully occupied by air, the water volume fraction, n,,, becomes 0, and
the air volume fraction, n,, becomes 1. If there are no sediment particles in the cell, the
fluid volume fraction, n¢, becomes 1. In cases where an air phase is present in a numerical
cell and the cell is occupied by particles or a portion of a single particle, the fluid volume
fraction takes a value between 0 and 1. Similarly, the volume fractions of water and air
range between 0 and 1. Since the value of n; is dependent on the volume of the particles,
the coupling model inherently incorporates the influence of different particle sizes. When
only water and particles are present in the numerical cell, the fluid volume fraction, ng,
takes a value between 0 and 1, while the water fraction n,, becomes 1 due to the absence

of air.

The VOF model typically solves an advection equation for the volume fraction n, and
this equation is fundamental to the method. The equation follows the principle of
conservation of mass for the fluid phase. The generic form of the advection equation is as

follows:

200 17+ (ngny ) + V- (g, (1 — 1)) = 0 (25)
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where u,. is the relative velocity vector between water and air. The last term in the left side
only serves to capture the interface of the two fluid phases. This equation states that the
rate of change of the volume fraction of a fluid phase within a control volume must be
balanced against the net flux of the phase's volume fraction across the control volume
boundaries. This notion adheres to the principles of a typical conservation law. This
advection equation is typically discretized and solved using a method that can maintain the
sharp interface between the phases. In OpenFOAM, a method called MULES
(Multidimensional Universal Limiter for Explicit Solution) is often used for this purpose.
It should be noted that in the VOF model, the physical properties such as density and

viscosity are calculated based on the volume fraction of each fluid.

4.5 Measurement of reattachment length

The mean streamwise velocity U in the cell center at each first cell from the bottom
boundary with y* < 1 is numerically calculated. Then the exact position in streamwise

coordinate where the U changes from negative to positive value is found.

4.6 Visualization of vortex structure

The large-scale vortex structures are numerically visualized using the Q-criterion first

suggested by Hunt et al. (1988) as:

1

Q=5 (llol” ~ sl (26)
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where the strain rate tensor S;; and the rotation rate (;; are respectively defined as:
_ 10w, oy

Sij - 2 (an + 6Xi)’ (27)
= 1f0ui 0y

Qij T2 <6xj aXi) (28)

Q > 0 represents the existence of a vortex. According to the definition, the Q criterion
defines vortices as areas where the vorticity magnitude is greater than the magnitude of the

rate of strain.

4.7 Bedload transport rate

The depth-integrated and time-averaged bedload transport rate Q, is  defined as

follows:
1 <Np
Qx = Elezlvpupl /Andt (29)

where T represents the period of averaging, and N, is the total number of sediment
particles in a measurement area. V,, and u, denote the particle volume and individual

particle’s velocity, respectively. 1 is the index of each particle. Ay and dt denote the
measurement area and time interval of measurement, respectively. The individual shape of

grains is assumed to be spherical throughout this study.
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4.8 Quadrant analysis for flow structure

The quadrant analysis approach, which was first suggested by Lu and Willmarth (1973),
was used to investigate the turbulent flow structures near the bed. The u’, v’ pairs are

divided into four quadrants according to their sign as below:

1: Outward interaction (u’ > 0, v’ > 0)

2: Ejection event (u’ < 0, v' > 0)

a. Inward interaction (u’ < 0, v’ < 0)

: Sweep event (u’ > 0, v/ < 0)

=

Here, 11 and I; contribute negatively to the Reynolds stress —(u’v’), while I, and 4
positively contribute to it. A sorting function I is introduced to distinguish each quadrant.
In this study, we let I; be the i-th quadrant. I; is defined as one if it is in the i-th quadrant,
and zero otherwise. Thereby, the ratio of time occupied by each turbulence event in the i-

th quadrant, denoted as P, is defined as follows:

P = @ (30)

where T and dt are the total simulation time and time interval of measurement,

respectively.
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4.9 Quadrant analysis for bedload transport

The weighted-quadrant analysis technique, initially proposed by Nakagawa and Nezu
(1981), was utilized to examine the interaction between the turbulent flow structures and
sediment behaviors. The weighted-quadrant analysis quantifies the interaction between a
fluctuating flow field and any variable of interest by weighting the frequency of the flow
velocity with the interested variable. In this study, the instantaneous bedload transport rate
gy is determined as the variable of interest. In the quadrant analysis for bedload transport,
the ratio of bedload transport rate during each turbulence event in the i-th quadrant, denoted

as Py, is quantified as following manner:

_ fla @l
Fai = T jguolar 31)

where gy is the instantaneous bedload transport rate.
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CHAPTER 5. Computational Setup and

Application

5.1 Surface jet flow behind various inclined BFSs

The schematic illustration of the computational domain for numerical simulations is
shown in Figure 8. The numerical domain was constructed with reference to Nelson et al.
(1995), in which only perpendicular step angle was used. In this thesis, various inclined
BFSs are constructed by adjusting the step angle a, as shown in Figure 8. A range of step
angles, namely 10°, 20°, 30°, and 90°, were carefully selected for consideration in this
study. These angles were chosen to encompass a variety of flow separation trends. By
incorporating these different step angles, it is aimed to capture a comprehensive
understanding of the flow and turbulence structures around the various inclined BFSs. The
step height, denoted as H, has a value of 0.04m, according to Nelson et al. (2005). The
height of the upstream and downstream channels of the BFS are denoted as ¢, and 44,

respectively. The Reynolds number (Re) and expansion ratio (ER) are respectively defined

Uyt ’ . . .
as % and {—d, where U, represents the time-averaged, maximum velocity on the

u

longitudinal centerline at the step edge (x = 0). The origin of the coordinate system is
located downside of the step edge, at the center of the spanwise direction. The reattachment
length x,. is defined as the distance from the step edge, where x = 0, to the end of the
separation zone boundary. The reattachment point is determined where the mean

streamwise velocity changes from negative to positive sign at the vicinity of the bed. xy, in
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Figure 8 represents the horizontal width of the step, varying with the BFS angle; x, = 0
for a = 90°. The length scales in x, y, and z directions of the computational domain are

80H, 5H (downstream of the step), and H, respectively.

The inlet boundary is located at x = —50H, which is sufficiently far away on the
upstream of the BFS for the flow to be fully developed. A constant flow velocity is
uniformly imposed at the inlet boundary based on the Reynolds number. The bottom
boundary is treated as a wall boundary where the no-slip condition is applied. At the
bottom boundary downstream of the BFS, the channel is covered with 2 mm thickness of
uniform sand (diameter of 0.9 mm). The kinematic properties of fluid and sediment near
the interface are determined by the LES-DEM coupling, as delineated in Chapter 4.3. The
wall damping function shown in Eq (8) is applied to all the wall boundaries, whereby the
Neumann boundary condition with zero-gradient is applied to pressure. The top boundary
is constructed as a rigid lid on which slip boundary condition is applied. The application
of the rigid-lid approximation can be deemed reasonable when the Froude number (Fr) is
not large, such as F. < 0.4 (Blanckaert and De Vriend, 2004). At the outlet boundary,
located at x = 30H, the pressure is uniformly fixed as zero. Meanwhile, the Neumann
boundary condition with zero-gradient is set at the outlet boundary for the flow velocity.
The periodic boundary condition is applied on the side boundaries for all the flow variables

to obtain the two-dimensionality of the flow at the centerline of the flow direction.

The vertical grid size near the bed is determined to be fine enough to capture the size of
the sediment grains. We also identified that the vertical grid size above the topmost sand

grains is fine enough with y* = 0.8; this y* value falls within the range of viscous sublayer

42 3



(0 < y* < 5) as suggested by Pope (2000). This finer grid resolution in the vicinity of the
interface between flow and sediment grains is to ensure accurately reproduction of the flow
behavior in the inner boundary layer. The total number of grids is 2,384,840, and the aspect

ratio is maintained below four throughout the computational domain.
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Figure 8. Schematic diagram of the computational domain with various inclined BFSs (diagram is not to the scale).

44 W A_] _E_



The total number of particles used in the numerical simulation is 92,233. As
aforementioned, this study extends the work of Nelson et al. (1995) to cover various
inclined BFSs to investigate the effect of BFS angles on near-bed flow structures and
sediment behaviors in surface jet flow. The configuration of the numerical simulations is

summarized in Table 3.

Table 3. Configuration of the numerical simulation for surface jet flow.

Run Xp/H Re ER Fr a(®) ps (kg/m?) dso (mm)
CaseN10 5.671 10
CaseN20 2.748 20
64000 1.25 0.33 2650 0.9
CaseN30 1.732 30
CaseN90 0 90

5.2 Submerged wall jet flow with air injection behind sluice gate

In this study, an experimental case from Chatterjee et al. (1994), which addresses the
local scouring process caused by submerged wall jet flows, is selected to construct a
numerical domain. There are two benefits to conducting numerical simulations based on
their experimental case: first, the apron geometry is simple to numerically implement the
wide-area air injection; second, the validation of the LES-DEM model for the local scour

profile is possible based on the empirical formula suggested by their study.

The computational domain for the wall jet flow induced by the opening of a sluice gate
is illustrated in Figure 9. The height of the gate is denoted as a. The length of apron is

defined as L. B represents the length of the sediment packing. The vertical length and width
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of the flume are labeled D and W, respectively. The height of BFS is denoted as h. Initially,
sediment fills up to this height. The total number of particles used in the numerical
simulation is 6,909. The initial water depth is determined as d; = 0.31 m according to the
experiment of Chatterjee et al. (1994). Table 4 summarizes the length scales of the
numerical experiment in this study. The origin of the coordinate system is located at the
step edge (the end of apron), at the center of the spanwise direction. Table 5 summarizes
the detail of the configurations of air injection. The number of air slots consist of three
depending on the injection length RA (the length from x = 0). The air slots are placed on
the apron boundary, arranged in 2 rows in the z direction. The ratio of air injection flow
rate Q, to the inflow water flow rate Q,, is determined as Q,/Q., = 0.25, 0.5, and 1.
Here, Q, is calculated by summing all the airflow rate injected from each air slot. The ratio
of the momentum of injected air, M,, to that of inflowing water, M,,, is also summarized
in Table 5. Whereas Q, is calculated based on each air injection velocity and air injection
area, M, is derived from the square of this velocity and air injection area. Consequently,
the ratio of momentum of air to that of inflowing water, M, /M,,,, decreases as the number
of air slots increase, due to the reduced air injection velocity, as shown in the table. The
air is vertically injected directly from the apron boundary without a need to establish any
flow chambers. This approach allows for the examination of the sole effect of air injection
on the flow, without any flow disturbances caused by such chambers. The spacing and

diameter of the air inlets have been determined to be 3 mm and 7 mm, respectively.

The simulation domain omits the reproduction of the entire sluice gate and water on the

left side of the gate to minimize unnecessary computational costs. However, a discharge
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velocity U, = 2.42 m/s is imposed on the inlet boundary, located on the left side of the
domain, as schematized in Figure 9. The right side of the sluice gate surface is replaced
with a wall boundary above the inlet. The apron upstream of sediment box is also treated
as a wall boundary. The wall boundaries employ the same no-slip condition and wall
damping function as described in Chapter 4.2. The top boundary is treated as an
atmosphere, below which, a free water surface forms. The outlet boundary is located at
x = 3.66 m, whereby the pressure is uniformly set to zero. The periodic boundary
condition is applied on the side boundaries to avoid side wall effect. Reynolds number Re

and Froude number Fr are 48,400 and 5.46, respectively, based on the inlet velocity as

below:
Re = U,a/v (32)
Fr = U,/(ga)"® (33)

where U, is the discharge velocity at the inlet; g is the gravitational acceleration.

Table 4. Length scale in the numerical domain.

a L h B D w d,
(m) (m) (m) (m) (m) (m) (m)
0.02 0.66 0.11 3.0 0.61 0.02 0.31

The numerical procedure to solve the pressure-velocity coupling is based on the Pressure
Implicit with Splitting of Operators (P1SO) algorithm with the Gaussian interpolation for
cell-centered data. The first order backward scheme is used for the time discretization and

the second order schemes are applied to the spatial discretization. A fixed blended scheme
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between the linear-upwind and central scheme is used for the flow velocity. For diffusive
flow properties, the central scheme is applied. The numerical time step is maintained as
10~* s for the whole simulation time to keep the Courant number less than 0.4 for all the

numerical cells throughout the computational domain.

The parallel computation was carried out by our High-Performance Computing (HPC)
system, which is equipped with 224 cores of Intel Xeon Gold 6330 running at 2.3 GHz.
The simulations employed a total of 128 cores and 16 GB of memory per core. OpenMPI
was used for the parallelization. For reference, the numerical simulation of a surface jet
flow over a perpendicular backward-facing step, comprising 2,384,840 numerical cells and
92,233 sediment particles, took approximately 10 days to simulate 60 s using parallel

computation on our HPC system.
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Figure 9. Schematic diagram of the computational domain for wall jet flow behind a sluice gate (diagram is not to the scale)
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Table 5. Configuration of the numerical simulation for submerged wall jet flow.

Run injgitrion (?:1\) Air( r\;e/lcs);:ity M,/M, | Q./Qu Slot(sX n)t(;r;)bers Slot((rjri?nrr;eter dso (M)
CaseNA X - - - - -
CaseRA2Q025 1.57 0.162 0.25
CaseRA2Q05 2 3.14 0.648 0.5 2x2
CaseRA2Q1 6.28 2.592 1.0
CaseRA200Q025 0.157 0.016 0.25
CaseRA20Q05 0 20 0.314 0065 | 05 20 x 2 ! +3
CaseRA20Q1 0.628 0.259 1.0
CaseRA40Q025 0.0785 0.008 0.25
CaseRA40Q05 40 0.157 0.032 0.5 40 x 2
CaseRA40Q1 0.314 0.13 1.0
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CHAPTER 6. MODEL VALIDATION

6.1 Validation against surface jet flow over BFS

The numerical tool was thoroughly validated against a wide range of measurement data
obtained from various observations of the flow over BFSs under surface jet flow. First, the
hydrodynamic model based on the LES approach is validated against the experimental data
of Ruck and Makiola (1993) and Nakagawa and Nezu (1987). Secondly, the LES-DEM

coupling model is validated against the observation of Nelson et al. (1995).

6.1.1 Validation of hydrodynamic model

As the Froude number is low (Fr < 1), many previous authors (Hincu and Finkelstein,
1963; Sumbal, 1966; Ljatcher and Prudovski, 1984; Faulhaber, 1983 & 1986; Nestmann
and Bachmeier, 1987; Nestmann, 1992) have revealed that the flow characteristics
between the hydrodynamic and aerodynamic models are quite similar. They have
successfully applied the aerodynamic models for studying the river flows instead of using
a hydrodynamic model. An advantage of an aerodynamic model (AD) over hydrodynamic
model (HD) is that the experimental model can be easily built in small scales in the
laboratory based on the Reynolds number similarity between aerodynamic and
hydrodynamic models. Particularly, the research group at the Federal Waterways
Engineering and Research Institute was very profitable in the application of AD to study

the flow and bed-morphology of the Elbe River (Faulhaber, 1983 & 1986; Nestmann,
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1992). In addition, the study on the fluctuation of the reattachment of the flow over a step
in an open channel is successfully implemented by the duct flow (Eaton and Johnston,

1981; Ruck and Makiola, 1993).

The LES model was first validated against the measurement data obtained from the wind
tunnel tests of Ruck and Makiola (1993). They measured the mean velocity, turbulence
intensity, and reattachment length behind various inclined BFSs (a = 10°, 15°, 20°, 25°,
30°, 45°, 90°) with different expansion ratios (ER=1.48, 2.0, 3.27) and Reynolds numbers

(Re=5000, 8000, 11000, 15000, 47000, 64000) using LDV. Figure 10-15 compare the

- - - - 2
simulated velocity component U/U,, turbulence intensity (,/(u'z)/Uo) , and mean flow

reattachment length x,. with the observation data. The values are normalized by the
maximum streamwise velocity U,, measured 2H upstream of the step edge (x/H = —2).
For the sake of brevity, the streamwise and vertical turbulence intensities are denoted as
Tl, = /(u'2)/U, and TI, =/(v'2)/U,, respectively. The comparisons for several
representative high Reynolds numbers (Re=15,000, 47,000, and 64,000) and various BFS
angles (a = 10° — 90°) at ER=1.48 and 2 are briefly presented herein. As shown in these
figures, the simulation results showed a good agreement to the measurement data,
indicating that the 3D LES model can accurately reproduce the turbulent flow behaviors
around the separation zone at various inclined BFSs. It can also be seen in the figures that

the LES model precisely predicts the reattachment length x,..

The performance of the hydrodynamic model was further validated against the
observation data from a laboratory-scale open channel experiment conducted by
Nakagawa and Nezu (1987). The experiment consists of a perpendicular BFS (a = 90°)
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with ER=1.23 at Re=99,750. They measured the mean velocity, turbulence intensity
profiles, and the reattachment length behind the BFS. Figure 16 compares the simulated
flow velocity, turbulence intensity, and reattachment length with the observation data,
reaffirming that the LES model can accurately capture the flow structures downstream of

the BFS.

Table 6 provides the R-squared (R?) and Root Mean Square Error (RMSE) (defined in
Egs (33) and (34) below) of the mean velocity and turbulence intensity to quantitatively

evaluate the accuracy of the 3D LES model against the measurement data.

0;-p?1%5
RMSE = [Z{Ll %] (34)

2 _ [ S1L1(0;-0)(P;—P) ]2 (35)
[Z, (0;-0)2] [, (Pi-P)2]

where 0; and P, denote the i-th observed and simulated values, respectively, while O and
P are the averaged values of the observed and simulated data. In the two validation cases
(Nakagawa and Nezu, 1987; Ruck and Makiola, 1993), the minimum R? value was found
to be 0.812, and the maximum RMSE value was 0.137 for both mean velocity and
turbulence intensity, implying that the hydrodynamic model performs very well in

reproducing the separation flow field at various BFS angles.
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Figure 16. Streamwise velocity (a), streamwise turbulence intensity (b), and vertical
turbulence intensity (c) profiles behind the step (Blue line is the location of
reattachment point in the simulation; Red line in the experiment).

Table 6. R?2 and RMS values between the simulation results and experimental data
from Ruck and Makiola (1993) and Nakagawa and Nezu (1987).

Experiment | Re | a() | R (g) R? (3_) RMSE (i) | RMSE (3_)
15000 | 10 0.959 0.817 0.096 0.037
15000 | 30 0.977 0.932 0.077 0.023

Ruck and

oo [ 15000 |90 0.970 0.865 0.097 0.035

o9z | 47000 | 10 0.961 0812 0.098 0.042
47000 | 30 0.978 0.902 0.092 0.029
47000 | 90 0.9 0.922 0.085 0.078

Nakagawa

andNezu | 99,750 | 90 0.832 0.873 0.137 0.096

(1987)
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6.1.2 Validation of LES-DEM coupling model

The validation of the LES-DEM coupling, delineated in Chapter 4.3, was confirmed by
comparing the simulation results and observation data from Nelson et al. (1995). They
conducted a laboratory experiment consisting of a recirculating acrylic plastic plume with
a movable perpendicular BFS at ER=1.25 and Re=64,000 to investigate the effect of the
near-bed turbulence structures due to flow separation on bedload transport rate. They used
the sand grains with a mean diameter of 0.9 mm distributed behind the BFS. The sand
density was 2650 kg/m? as general quartz. LDV and high-speed cinematography were
respectively utilized to quantify the near-bed flow velocity and bedload transport rate at
six different measurement points. The bedload transport rate was measured by counting
the number of grains crossing a 0.01 m long lateral line for a certain time. They provided
near-bed flow statistics and joint frequency distributions of fluctuating velocity pairs of u’
and v’ weighted by the instantaneous bedload transport rate q,. In our numerical
simulation, the sediment grains were packed from y/H = —0.05 to y = 0 downstream of

X = Xp.

Figure 17 shows the comparison of U, /(u'2), and /(v'2) between simulation results
and observations at x/H = 10, 15, 17.5, 20, 22.5, and 25, and y/H = 0.125. The RMSE
values for U, /(u'2), and ,/(v'2) were found to be 0.021, 0.006, and 0.006, respectively,
and R? values for the same flow properties were 0.955, 0.960, and 0.884, showing good
agreement between the experimental data and numerical results. In the simulation, the
reattachment point in the vicinity of the bed at y/H = 0.0025 was found to be x,./H =

6.71, which is reasonably comparable to the experimental data, x./H = 6.25. Figure 18
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compares the mean bedload transport rate Q, obtained from the simulation and the
experiment of Nelson et al. (1995) downstream of the BFS. The dashed line and dash-
single dotted line in Figure 17 and Figure 18 represent the reattachment point obtained
from the simulation and experiment, respectively. As shown in the figures, the simulated
reattachment length and bedload transport rate exhibited reasonable agreement with the
observation data. Table 7 compares the quadrant analysis results, while Table 8 shows a
comparison of the quadrant analysis results weighted by the instantaneous bedload
transport rate g, which was named quadrant analysis for bedload transport. Overall, the
numerical results were shown to be in line with the experimental data, wherein the
dominant turbulence events were found to be burst and sweep; while the sweep and
outward events significantly contributed to bedload transport. The good results obtained
from the validation process show that the numerical model can be used as a modeling tool

to investigate the flow characteristics and their interaction with bedload transport.
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Figure 17. Near-bed streamwise velocity (a), streamwise turbulence intensity (b),
and vertical turbulence intensity (c) profiles behind the step (Dotted
line=observation data by Nelson et al. (1995); Solid line=simulation data)
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Figure 18. Mean bedload transport rate in the streamwise direction behind the BFS
(Circle=simulation data; Circle (filled)=observation by Nelson et al. (1995)).

Table 7. Comparison of percentage of time occupied by each turbulence event
between the observation data by Nelson et al. (1995) and simulation results.

Burst Sweep Outvva_rd Inwarq
x/H Interaction Interaction RMSE
Exp Sim Exp Sim Exp Sim Exp Sim
10.0 33 33.7 33 25.4 13 19.7 21 21.1 5.08
15.0 36 36.6 27 28.0 18 18.1 19 17.3 1.03
17.5 29 29.2 30 28.2 19 22.3 22 20.3 2.07
20.0 30 30.6 31 29.8 20 22.7 18 16.9 1.60
22.5 32 29.5 34 28.5 16 22.3 18 19.6 4.44
25.0 25 31.0 33 28.9 17 20.4 26 19.7 5.10

Table 8. Comparison of percentage of each turbulence event weighted by bedload
transport rate between the observation data by Nelson et al. (1995) and simulation

results.

Outward Inward

Burst Sweep . .
x/H Interaction Interaction RMSE

Exp Sim Exp Sim Exp Sim Exp Sim

10.0 15 111 48 47.4 32 36.2 4 5.3 2.95
15.0 9 11.7 53 445 28 36.5 10 7.3 6.30
17.5 11 13.3 44 41.1 35 37.6 10 8.0 2.47
20.0 14 16.4 48 47.1 30 28.5 9 8.0 1.57
225 20 14.5 47 50.0 25 28.3 9 7.2 3.65
25.0 15 16.2 47 39.2 25 28.2 12 16.5 4.82
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6.2 Validation against submerged wall jet flow

In this study, the proposed LES-DEM coupling model is further validated to
appropriately simulate the scour hole created by the wall jet flow near hydraulic structures.
For the validation, the dimensions of the simulated scour hole in the numerical model are
compared with the result of the empirical formula derived from the numerous experimental

data of Chatterjee et al. (1994).

Q
S

. Sediment

y

X Xd

Figure 19. Experimental setup of Chatterjee et al. (1994).

Figure 19 schematizes the experimental setup of Chatterjee et al. (1994). They
conducted 28 distinct experiments, varying the gate height (a), discharge velocity (U,),
and mean diameter (dsy). The numerical model was validated against one of these
experimental conditions, wherein the initial scour can occur relatively quickly. The

experimental condition employed for the verification process is listed in Table 9.
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Table 9. Experimental configuration from Chatterjee et al. (1994).

Dimensions
L a dt Ua Fr d50 Ps
(m) | (m) (m) (m/s) (mm) | (kg/m3) | Length | Width | Depth
(m) (m) (m)
0.66 | 0.02 | 0.31 2.42 5.46 4.3 2650 9 0.6 0.69

To accurately reproduce the sediment transport process behind the apron, it is crucial to
precisely model the wall jet flow at the end of the apron, which is located just upstream of
the sediment zone. To confirm the performance of the numerical model employed in this
study on properly simulating the flow characteristics of the developed jet flow, the vertical
distribution of mean streamwise velocity measured at x=0 is compared to that measured
by Chatterjee et al. (1980); the results are illustrated in Figure 20. As depicted in the figure,
U/U, calculated by the numerical model exhibits good agreement with the experimental
data, with obtained RMSE and R2 values of 0.0948 and 0.9256, respectively, indicating a

reasonable agreement with the observed data. The normalization factor y, for vertical

6.2.1 Validation of numerical model against mean velocity

coordinate y is the inner jet thickness, which is calculated as y, = 6 mm.
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Figure 20. Comparison of vertical distribution of normalized streamwise velocity
between simulation and experiment

6.2.2 Validation of numerical model against scouring dimensions

Figure 21 shows the variation of maximum scour depth (h,,), location of maximum
scour (X,,), and the peak position of dune (X4) derived from the numerous data sets
obtained from the experiments conducted by Chatterjee et al. (1994). We can find the
relationships of the scour dimensions in the figure as a function of scour volume (V;) as

follows:

X, = 0.6V2374 (36)
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Xq = 2.684V245 (37)

h,, = 0.513V2->49 (38)

2.0

1.0

Eq (37) for X4

/

0.3

0.3
0.2|| Ea (36) for X,
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Figure 21. Relationships of dimensions of scour hole and scour volume from
Chatterjee et al. (1994). Red dots represent the experimental sets.

They also suggest a formula to estimate the scour volume (V) from the data sets as

follows:

L (£)0343
V, = 0374U2a ;) (39)



Where t and T are the time elapsed from when the sluice gate is opened and the time for
equilibrium, respectively. the numerical model is validated against the scour dimensions

after 60 s.

The comparison between the scour hole’s dimensions from the simulation and the formulas
from Chatterjee et al. (1994) is presented in Figure 22 and Table 10. In Figure 22, X, and
Xms represent the location of maximum scour obtained by the simulation and empirical
formula; X4 and X4 denote the location of the peak of the dune calculated by the
simulation and empirical formula; h,,. and h,,,s are the maximum scour depth quantified

by the simulation and empirical formula, respectively.

Table 10. Comparison of the scour hole’s dimensions between the simulation and
empirical formula from Chatterjee et al. (1994).

Xm Xd hm
(m) (m) (m)
Chatterjee et al. (1994) 0.132 0.385 0.05
LES-DEM 0.151 0.371 0.054
Error (%) -14.4 3.63 8

The error rate between the simulated and estimated values of X,,, and X; were found to
be -14.4 % and 3.63 % based on the experimental data. The error of maximum scour depth
h,,, was 8 %. Overall, a good agreement between the simulation results and experimental

data has been achieved.
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Figure 22. Scour hole’s dimensions formed by simulation and estimated by Chatterjee et al. (1994).
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CHAPTER 7. RESULTS

7.1 Surface jet flow behind various inclined BFSs

The results shown in this chapter provide the near-bed flow and sediment properties
measured for 60 s after the flow is fully developed. It should mention that the simulation
time of 60 s is sufficient to examine the interaction between flow structures and sediment
behaviors, as suggested by Nelson et al. (1995) and Schmeeckle (2015). The near-bed flow
structures and their interaction with bedload transport associated with various angles of the

inclined BFSs are presented and discussed in detail in the following chapters.

7.1.1 Near-bed flow structure

Figure 23 illustrates the near-bed mean velocity and turbulence intensity measured at
the vicinity of channel bed (y/H = 0.0025) from the step to downstream of various
inclined BFSs (10°, 20°, 30°, and 90°). The solid black line in the snapshots represents
the reattachment point at x = x,.. It was found that the flow separation was first formed at
the step angle of 20° (CaseN20). It also shows that the increment in the reattachment
length x,. as the step angle a increases from 20° to 30° is significantly longer than those
when a increases from 30° to 90°. This tendency is consistent with the findings of Ruck
and Makiola (1993) for Reynolds numbers higher than 15,000. In addition, the
reattachment length obtained from CaseN90 (step angle of 90°) was found to be about

6.71, which falls within the range between 3 and 9 suggested by Nezu and Nakagawa
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(1987, 1989). The snapshots in Figure 26 show the mean velocity vector at the central
vertical plane for the various BFS angles. Figure 26a shows that flow separation is not
induced in CaseN10 (a = 10°); the separation zone started to form up, and enlarged as the
step angle a is increased to 20°, 30°, and 90°, consequently the reattachment length is
extended further downstream, as indicated in Figures 26b-26d. Figure 27 depicts the mean
velocity profiles at the centerline longitudinal plane at 11 different measurement points. It
is confirmed that the mean flow is almost recovered far downstream (at x/H=25) in all the
simulation cases. The information on the reattachment length (x./H) and mean velocity

(U/Uy) near the bed is shown in Table 11.
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Figure 23. Mean streamwise velocity for CaseN10 (a), CaseN20 (b), CaseN30 (c), and CaseN90 (d). Solid line represents the
reattachment point.
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Figure 24. Streamwise turbulence intensity for CaseN10 (a), CaseN20 (b), CaseN30 (c), and CaseN90 (d). Solid line
represents the reattachment point.
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Figure 25. Vertical turbulence intensity for CaseN10 (a), CaseN20 (b), CaseN30 (c), and CaseN90 (d). Solid line represents
the reattachment point.
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Figure 26. Separation zone with time-averaged velocity vectors in the central
section of the z-axis for CaseN10 (a), CaseN20 (b), CaseN30 (c), and CaseN90 (d).
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Figure 27. Streamwise velocity profiles behind the step measured in the central
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line represents the reattachment point.
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Figures 24 and 25 present the near-bed turbulence intensity in the streamwise and

vertical directions. It showed that the turbulence intensities TI, (\/(u’z)/Uo) and

Ty (J(V'Z) /Uo) drastically increased once the flow separation occurred in CaseN20 (o

= 20°). It shows that the maximum value of TI, and TI at this step angle was significantly
increased respectively at 50% and 61.3% in comparison to those in CaseN10 (o = 10°). As
the BFS angle further increased to a = 30° and 90°, the change of the maximum values
of Tl and TI, became negligible. This tendency is also shown in Figures 28 and 29 near
the channel bed. The second-order flow statistics are summarized in the third and fourth

columns of Table 11. It shows a significant increase in TI, when flow separation starts to

occur (at o= 20°) due to the splat effect, which was first conceptualized by Perot and Moin
(1995). This splat effect occurs as the eddies along the SSL splash on the bed around the
reattachment point. After impinging on the bed, the flow moves parallel to the bed, leading
to massive turbulent diffusion. The splat effect has also been numerically identified in the
simulations by Stoessor et al. (2008) and Schmeeckle (2015) in the vicinity of the bed for
a separation flow. In addition, the numerical results show that the maximum value of
turbulence intensity is the largest once « = 20° and 30° located around the reattachment
point, as shown in Table 11, which is consistent with the findings in the wind tunnel

experiments of Ruck and Makiola (1993).
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Figure 30 illustrates the instantaneous coherent turbulent structures at arbitrary times
using Q-criterion. The isosurface value of Q in the figure was determined as 600 because
the hairpin- coherent vortices at this value were best presented for the simulation results.
The contour of Q in the figures is colored based on the vorticity w, hormalized by H and
U,. As depicted in the figure, only small-scale vortex structures along the BFS are
generated in CaseN10 due to the lack of flow separation. However, when the flow is
separated in CaseN20, the coherent vortices begin to form rapidly in the form of hairpin
vortices, and as o further increases, the vortices are generated more actively. In the same
context, w, is also increased as the flow separation occurs in CaseN20. However, w,
barely increases for further increasing a (« > 30°). The coherent vortices were enlarged
to downstream as the angle a is increased. This is consistent with the increased turbulence
intensity near the bed, as shown in Figures 24 and 25. The energetic coherent vortices
when flow separation occurred (o« = 20°, 30°, and 90°), depicted in Figure 30b-30d, are

responsible for the large peaks of sediment transport rates shown in Figure 31.
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Figure 30. Coherent vortex structures visualized by Q-criterion (isosurface: Q=600)
for CaseN10 (a), CaseN20 (b), CaseN30 (c), and CaseN90 (d) at different instants.
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7.1.2 Sediment flux

Qx was measured at much shorter streamwise distance intervals (0.01 m) than in

Nelson et al. (1995), in which only six measurement points were used. The spanwise

measurement length was determined as 0.03 m. The numerous measurement gauges in the

simulations enabled us to explore better the trend of bedload transport rate along the flow

direction, as shown in Figure 31.

Table 11. Near-bed flow information and bedload transport rate.

% /H Max (U/U,) | Max (TL,) Max (TI,) 8\;' ,(ncn,jé 2
CaseN10 - 0.4 0.08 0.031 [0.0005, 0.0136]
CaseN20 2.75 0.39 0.12 0.05 [-0.001, 0.072]
CaseN30 5.44 0.37 0.13 0.057 [-0.092, 0.045]
CaseN90 6.71 0.37 0.11 0.052 [-0.095, 0.047]

Figure 31 plots Q, along the streamwise direction for all the simulation cases. The

streamwise coordinate x was substituted with a normalized coordinate x’, defined as x’ =

X — Xp. This is to locate the origin of the streamwise coordinate at x = x;, for each case.

The minimum and maximum values of Q, are summarized in the last column of Table 11.

The low amplitude of Q, in CaseN10 indicates that the high mean velocity does not play

a substantial role in sediment movement if flow separation is not formed, as mentioned by

previous studies (Nelson et al., 1993 and McLean et al., 1994).
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Figure 31. Mean bedload transport rate downstream of the various inclined BFSs (the dash lines show the locations of
reattachment points associated with step angles).
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However, in the cases of flow separation, such as CaseN20, CaseN30, and
CaseN90, the amplitude of Q, was much larger than that in CaseN10. It indicates that the
position at which the direction of Qy shifts from backward to forward almost coincides
with the location of reattachment point at x = x,.. However, the backward sediment
transport in CaseN20 is barely observed due to the very short reattachment length
downstream of the BFS. Among all the simulation cases, the maximum peak of Q, was
observed in CaseN20 when the flow separation started to form. This can be attributed to
the rapidly increased turbulence intensity and fast flow recovery right downstream of the
reattachment, as shown in Figures 23-25. It appeared that the peak value of Q, is decreased
in CaseN30 and CaseN90 in comparison to that in CaseN20. In those cases, another peak
of Q, in the opposite direction of the flow was observed at some distances upstream of the
reattachment point. This can be explained by an increase in backflow velocity near the bed

upstream of the reattachment point, as illustrated in Figures 23c and 23d.

As shown in Figure 31, the peak of the bedload flux Q, obtained from CaseN90 is
located further downstream in comparison with the results obtained from CaseN30 as the
reattachment length is extended. This finding demonstrates that the BFS angle plays a
substantial role in sediment behaviors. In addition, it was found that as the BFS angle
increases, the distance needed to stabilize the bedload movement also increases. Indeed,
the bedload transport rates measured at x’/H = 20, which is sufficiently far from the step,
were 0.003cm?/s, 0.0056cm?/s, 0.0059cm?/s, and 0.0135cm?/s for CaseN10,
CaseN20, CaseN30, and CaseN90, respectively. In CaseN20, there was no significant

difference in the distance needed for the sediment movement to be stabilized compared to
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CaseN30, although the vortex structures in CaseN20 were less actively generated than in

CaseN30.

7.1.3 Quadrant analysis for flow structure

The quadrant analysis approach, described in Chapter 4.8, was applied to investigate the
turbulent flow structures near the bed, and the results are summarized in Table 12,
including the measurement points. As shown in the table, most measurement points are
located near the reattachment points. Because there was no flow reattachment numerically
found in CaseN10, we substituted the base measurement point x = x, with x = xy, for this
simulation case exceptionally. The results upstream of the reattachment point at x = x,. —
2.5H for CaseN10 and CaseN20 are not presented since the measurement points are not

included in the computational domain.

Figures 32 and 33 illustrate the frequency contours of the fluctuating velocity pairs in
the four quadrants. The frequencies were normalized to a peak value of unity in the figures.
The legend in those figures represents the frequency probability with intervals of 0.1. The
guadrant analysis results reveal that the bursts and sweeps are the most prevalent
turbulence events, regardless of the BFS angle, as illustrated in Figures 32 and 33. This
result indicates that the dominant turbulence events are not dependent on the BFS angle or
location behind the BFS. However, we can see that the area of the frequency distribution
becomes larger for the cases when flow separation occurs, such as CaseN20, CaseN30,
and CaseN90. This is consistent with the higher turbulence intensity shown in Figures 24

and 25 for those cases.
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Table 12. Ratio of time (in percentage) by each turbulence event in various BFS

angles.
Measurement «(®) Burst Swee Outward Inward
Point P interaction interaction
10 ] - ] ]
20 ] - ] ]
X =X, — 2.5H
' 30 31.4 26.1 20.4 222
90 28.8 29.4 193 225
10 37.7 33.2 13.9 15.2
N 20 21.6 35.2 245 18.7
- T
%0 30.2 303 15.2 24.4
10 36.1 28:5 18.6 16.8
X =X + 2.5H 20 33.1 257 21.7 195
X = xp + 2.5H
(CaseN10) 30 26.6 29.8 223 21.3
90 34.8 258 178 21.6
10 325 30.0 19.0 185
20 254
X =X, + 5H 36.4 21.8 16.5
90 33.6 276 21.4 17.4
10 32.3 32.2 183 173
20 282
% =x +10H 30.7 22.1 19.0
90 29.2 28.2 22.3 20.3
10 29.0 34.1 19.9 17.0
20 33.2 30.1 193 175
x = 25H
30 28.6 216 23.8 20.1
90 31.0 28.9 20.4 19.7
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Figure 32. Joint frequency distributions of u’ and v’ measured at x = x}, (a), X, + 5H (b), and x;, + 10H (c) for CaseN10,
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7.1.4 Quadrant analysis for bedload transport

The weighted-quadrant analysis technique, delineated in Chapter 4.9, was utilized to
examine the interaction between the turbulent flow structures and sediment movement.
The results of the weighted-quadrant analysis are summarized in Table 13. The
measurement points used are the same as those in the quadrant analysis for flow structure.
The g4-weighted joint frequency contours in percentage were plotted in Figures 34 and 35.
The results are illustrated in the figures at three representative measurement points where
the difference of the dominant turbulence events is best seen near the reattachment point.
The frequencies shown in Figures 34 and 35 together with Table 13 clearly demonstrate
the dependence of the interaction between near-bed turbulence structures and sediment

motions on the BFS angle.

In CaseN10, the flow separation did not occur, it shows that the two most dominant
turbulence events were bursts and sweeps, which however have less effect on sediment
movement. Overall, the bedload transport rate was relatively small in this case. These
results agree with the observation data obtained from Nelson et al. (1995) when the flow
is not separated. However, in all other simulation cases (CaseN20, CaseN30, and
CaseN90) when flow separation occurs, it shows that the bedload transport rate
significantly becomes larger, especially around the reattachment point. It appeared that
burst was the most dominant turbulence event to drag most sediment backward at x = x, —
2.5H located just upstream of the reattachment point, as depicted in Figures 35a and 35d.
This dominant ratio of bedload transport in the backward direction is in line with the

negative bedload transport rate for CaseN30 and CaseN90 shown in Figure 31. At x = x,,
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the sweep was the most dominant turbulence events to drag the sediment forward, as shown
in Figure 34d, Figure 35b, and Figure 35e. This trend lasted until x = x,. + 2.5H in
CaseN20 and CaseN30, and x = x, + 5H in CaseN90, in which the larger coherent
vortices are generated as shown in Figure 30. These prevailing sweep events clearly
represent the splat effect at the reattachment point and are the most responsible for
sweeping the sediment forward. The dominant burst and sweep events on the basis of the
reattachment point are in concurrence with the high vertical turbulence intensity presented
in Figures 25b-25d. Schmeeckle (2015) also identified that the sediment movements at the
reattachment point were mainly attributed to the sweep event with strong instantaneous
bed shear stress therein. At x = 25H, the two most dominant turbulence events are burst
and sweep in CaseN20, and sweep and outward interactions in CaseN30 and CaseN90,
which are showing that the flow separation effect in the larger BFS angles is still
contributing to dragging the sediment further downstream. In this regard, we can identify
the relatively higher value of Q, on downstream shown in Figure 31. It was also confirmed
by Nelson et al. (1995) that the dominant turbulence events to move the sediment
downstream were the sweep and outward interactions for a perpendicular BFS at the same
measurement point (at x=25H). This result suggests that the dominant turbulence event to
move the sediment is significantly dependent on the BFS angle and the reattachment

length.
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Figure 34. Joint frequency distributions of u’ and v’ weighted by q, measured at x = x, (a), X, + 5H (b), X, + 10H (c¢) for
CaseN10, and x = x,. (d), X, + 5H (e), x, + 10H (f) for CaseN20.
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Figure 35. Joint frequency distributions of u’ and v’ weighted by q, measured at x = x, — 2.5H (a, d), x,. (b, e), and x,. +
5H (¢, f) for CaseN30 (a-c) and CaseN90 (d-f).
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Table 13. Ratio (in percentage) of bedload transport rate during each turbulence
event in various BFS angles.

Measurement «(®) Burst Swee Outward Inward
Point P interaction interaction
10 ] - ] _
20 ] - ] _
X = X, — 2.5H
' 30 52.4 20.6 10.6 16.4
90 34.6 228 21.3 21.3
10 38.2 33.2 138 148
= x 20 15.6 571 16.5 10.9
- T
90 18.6 40.2 6.7 345
10 315 264 25.1 17.0
20 63.5
x=x, +2.5H 12.0 19.4 5.1
90 18.6 538 12.9 147
10 23.1 328 17.5 26.6
20 38.3
%= x +5H 14.8 37.2 9.8
90 18.1 49.2 20.1 12.6
10 32.0 34.3 18.8 15.0
20 375
x = x, + 10H 28.3 18.6 15.5
90 21.8 275 33.4 17.3
10 27.4 35.2 205 16.8
20 20.8 34.1 205 156
x = 25H
30 21.8 34.3 27.7 16.2
90 21.4 34.4 28.2 16.1
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7.2 Submerged wall jet flow with air injection behind sluice gate

In this chapter, the flow and turbulence structures, bedload transport, and the resulting
bed profiles are investigated under two conditions: firstly, when air is not injected, and
secondly, when air is vertically injected at three different air injection flow rates over three
distinct areas, as shown in Table 5. Considering that the sediment transport is primarily
driven by the water phase rather than the air phase, all flow variables presented in this
chapter are calculated based on the flow velocity multiplied by the Volume of Fluid (VOF)
coefficient, n,,. This approach allows the flow variables to represent solely the water

behavior influenced by air.

7.2.1 Bed profile and sediment flux

Figures 36-45 illustrate the bed profiles at 10-second intervals for all the simulation
cases after the wall jet flow is discharged from the inlet. The scour hole’s dimensions are
summarized in Table 14. It is observed that, overall, as the air injection volume increases
for the same air injection length, both the distance from the end of the apron to the
maximum scour depth X, and to the crest X4 decrease, along with a decrease in the
maximum scour depth h,,,. Similarly, for the same air injection volume, as the air injection
length increases, X, Xq, and h,, were shown to be decreased. In CaseRA2Q025 and
CaseRA20Q025, the reduction rates for h,, were identified at 51.85% and 53.7%,
respectively, whereas a more significantly increased reduction rate for h,,, was achieved in

CaseRA40Q025 at 72.22%, as illustrated in Figures 37, 40, and 43. The increased
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reduction in scour, along with a longer air injection length at the same volumetric air flow
rate, can be attributed to the decrease in momentum of the air injection flow, as indicated
in Table 5. A similar trend is observed when the air injection volume is doubled (Q,/Qw =
0.5). In CaseRA2Q05 and CaseRA20Q05, the reduction rates of h,,, were calculated as
61.11% and 70.37%, respectively. In CaseRA40Q05, the reduction rate of the scour depth
was shown to be 85.19%. This can be seen in Figures 38, 41, and 44. The tendency of the
increasing scour reduction rate is also in line with the decreases of the momentum of air
flow. In the cases (CaseRA2Q1, CaseRA20Q1, and CaseRA40Q1) where the air injection
volume is equal to the water inflow volume, the reduction rate of h,,, was quantified as
90.74%, 87.03%, and 88.89%, respectively, as shown in Figures 39, 42, and 45. At this
volumetric air flow rate (Q,/Q.w = 1), no notable trend was observed in the scour
reduction rate along with the decreasing momentum of air flow. The simulation results
above indicates that scour mitigation can be achieved through increasing the air injection

flow rate and the injection area.

In addition, scour volume Vg was quantified by subtracting the total volume of the
remaining DEM particles at the end of simulation from the initial sediment volume over
the range from x=0 to the point where the bed profile intersects with y=0. Overall, the trend
of V; is consistent with h,,, as shown in Table 14. V; was found to decrease by 90.74% in

CaseRA2Q1, 87.03% in CaseRA20Q1, and 88.89% in CaseRA40QL1.
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Figure 36. Bedform changes over time in CaseNA.
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Figure 37. Bedform changes over time in CaseRA2Q025.
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Figure 38. Bedform changes over time in CaseRA2Q05.
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Figure 39. Bedform changes over time in CaseRA2Q1.

> 25 A =Th



(a) =10s (b) t=20s

T T T T T T
0.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
x (m) x (m)

1 1 T
0.0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 0.45 0.0 0.05 0.1 0.15 0!2 0.25 0!3 0.35 0.I4 0.45
X (m) X (m)

00 005 01 015 02 025 03 035 04 045 00 005 01 015 02 025 03 035 04 045
X (m) x (m)

Figure 40. Bedform changes over time in CaseRA20Q025.
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Figure 41. Bedform changes over time in CaseRA20Q05.
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Figure 42. Bedform changes over time in CaseRA20Q1.
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Figure 43. Bedform changes over time in CaseRA40Q025.
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Figure 45. Bedform changes over time in CaseRA40Q1.
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Figures 46-48 depict the spatial distribution of mean bedload transport rate Q, at 10-
second intervals (averaged over 10 seconds) for RA=2, 4, and 40 cm, respectively. For
CaseNA where there is no air injection, Q, fluctuates considerably as the local scour
occurs quickly. In this case, the bedload transport rate reached its maximum between 10
and 20 s. This period is the time when the initial scouring occurs rapidly, as shown in
Figures 36a and 36b. As the air injection flow rate and injection length increases, the
bedload transport rate was shown to be decreased significantly at all time intervals. In
CaseRA2Q025 and CaseRA2Q05, which feature the shortest air injection lengths among
all the simulation cases, Q, was quantified significantly high downstream, with respect to
Figure 46. This result is consistent with the bed profiles in Figures 37 and 38, where X is
relatively longer than in the other simulation cases. For CaseRA2Q1, the bedload transport
rate was quantified as the smallest compared to CaseRA2Q025 and CaseRA2Q05, leading

to significantly small scour depth, as shown in Figure 39.

In CaseRA20, Q, was shown to be smaller than CaseRA2 for all the air injection flow
rates, as shown in Figure 47. The peak of Q4 is observed upstream of x = 0.33 m, which
results in X4 before that point, as shown in Figure 41. For CaseRA20Q1, Q, was quantified as
very small, with quite small scour, as shown in Figure 42.  In CaseRA40, Q4 was quantified
considerably lower than in CaseRA2 and CaseRA20 for all the air injection flow rates, as
shown in Figure 48. It is noteworthy that Q, is notably small in CaseRA40Q025 compared to
Q4 in CaseRA2Q025 and CaseRA20Q025. This implies that the wide-area air injection
approach can substantially reduce sediment flux with a low air injection flow rate. Similar to

CaseRA2Q1 and CaseRA20Q1, Q in CaseRA40Q1 was calculated as significantly small.
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Table 14. Dimensions of scour hole with and without air injection in the central vertical plane.

RUN Xm (m) Xd (m) hm (m) VS (Cms)
Rate of change (%) Rate of change (%) Rate of change (%) Rate of change (%)
0.151 0.371 0.054 1.041
CaseNA
0.21 0.418 0.026 0.518
CaseRA2Q025
39.07 12.67 -51.85 -50.24
0.206 0.374 0.021 0.325
CaseRA2Q05
36.42 0.81 -61.11 -68.78
0.166 0.33 0.005 0.035
CaseRA2Q1
9.93 -11.05 -90.74 -96.64
0.154 0.31 0.025 0.363
CaseRA20Q025
1.99 -16.44 -53.70 -65.13
0.134 0.27 0.016 0.18
CaseRA20Q05
-11.26 -27.22 -70.37 -82.71
0.046 0.106 0.007 0.027
CaseRA20Q1
-69.54 -71.43 -87.03 -97.41
0.102 0.226 0.015 0.126
CaseRA40Q025
-32.45 -39.08 -72.22 -87.90
0.09 0.19 0.008 0.043
CaseRA40Q05
-40.40 -48.79 -85.19 -95.87
0.046 0.07 0.006 0.037
CaseRA40Q1
-69.54 -81.13 -88.89 -96.45
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7.2.2 Flow and turbulence structures

To properly understand the mechanism of the mitigation of local scour due to air
injection presented in the previous chapters, it is necessary to investigate the flow and
turbulence structure over the apron and sediment zone. Figures 49a and 49b respectively
represent the mean streamwise velocity U and turbulent kinetic energy (TKE) contours
over the scour hole at the end of the simulation in CaseNA. As the wall jet flow passes
over the apron and enters the scour hole, flow separation occurs at the front of the stoss
side. The propagating jet flow moves along the stoss side of the dune and gradually
subsides thereafter. On the stoss side, a large TKE zone is formed along with the flow
velocity, promoting the scour process. On the lee side, it is observed that both flow velocity
and TKE are minimal. A more detailed analysis of the flow structure is presented including

the air injection cases.

Figures 50-59 display the streamwise and vertical mean velocities U and V, and
turbulence intensities TIy (w/(u’z)/Ua) and TI, (w/(v’z)/Ua) for all the simulation cases.

In the vector diagram without air injection (Figure 50a), two circular flows (in red circles)
are formed: the first one is created at the midpoint of the apron due to the water jet
discharged from the gate (inlet), and the second one is formed in the scour zone due to the
flow that climbs up the stoss side of the dune crest. In CaseNA, as the bed slope increases
due to the initial scouring process, flow separation is observed near the bed from x=0 to
x=0.1m (indicated by the blue circle in Figure 50a). It can be inferred that the scour process

is accelerated by the development of the backflow occurring in this separation zone. The
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mean vertical velocity V is increased on the right side and decreased on the left side of the
second vortex core. The turbulence intensities TI, and Tl reach their maximum right

behind the apron due to the flow separation.

As shown in Figures 51-53 for CaseRA2, two primary vortex cores, indicated by red
circles, are observed, similar to CaseNA. The second vortex core exhibited a tendency to
move slightly upstream as the air injection rate increased from Q025 to Q1. This can be
interpreted as the result of the propagating flow near the apron being deflected upward due
to the vertical air injection, which promotes vortex formation. As shown in the figures, the
mean streamwise velocity U at the end of the apron (x = 0) significantly decreased due to
the air injection, especially in CaseRA2Q1 where the air injection flow rate is equal to the
inflowing water flow rate. It was shown that TI, also notably decreased, as shown in
Figure 53c. It can be conjectured that the significant mitigation of the scour in Figure 39
is attributed to this decreased U and TI, at x = 0. V is shown to increase along the upward
flow on the right side of the second vortex core and decreases on the left side of the core,

with reference to Figures 51b-53b. TI;, develops above the sediment zone due to the air

injection, as shown in Figures 51d-53d.

The velocity vectors in Figures 54a-56a for CaseRA20 also demonstrate two primary
vortex cores. Similar to CaseRA2, the second vortex core exhibited a tendency to move
slightly upstream as the air injection flow rate increased. The mean streamwise velocity
near the wall decreased notably compared to CaseRA2, which can be attributed to the pre-
agitation of the jet flow due to the early air injection. In CaseRA20Q025 and

CaseRA20Q05, TI, near the wall exhibited strong development beyond the end of the
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apron, inducing scour process to some extent, as indicated in Figures 40 and 41. However,
in CaseRA20Q1, TI, was found to not strongly develop beyond the end of the apron,
leading to significant scour mitigation, as shown in Figure 42. V is found to increase along
the upward flow on the right side of the second vortex core and decreases on the left side
of the core, regarding Figures 54b-56b. TI, develops above the sediment zone in larger
area than CaseRA2 due to the wider air injection (from x = —20 cm to 0), as shown in

Figures 54d-56d.

In CaseRA40, it was observed that both the first and second vortex cores are positioned
even further upstream compared to CaseRA2 and CaseRA20, as shown in Figures 57a-
59a. This can be attributed to the faster deflection of the wall jet flow due to the longer air
injection length (from x = —40 cm to 0), beginning further upstream than CaseRA2 and
CaseRA20. Due to the faster disruption of the wall jet caused by the wide-area injection,
both U and Tl significantly decreased, as indicated in Figures 57a-59a and Figures 57c-
59c, compared to CaseRA2 and CaseRA20 at all the air injection flow rate Q025, QO05,
and Q1. V is shown to increase along the upward flow on the right side of the second vortex
core and decreases on the left side of the core, with reference to Figures 57b-59b. Tl
shows high values above the sediment zone due to the air injection, similar to CaseRA20,

as shown in Figures 57d-59d.
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Figure 55. Comparison of mean velocity (a, b) and turbulence intensity (c, d) contours in the central vertical plane
(z/W=0.5) for CaseRA20Q05.
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Figure 58. Comparison of mean velocity (a, b) and turbulence intensity (c, d) contours in the central vertical plane

(z/W=0.5) for CaseRA40Q05.
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(z/W=0.5) for CaseRA40Q1.
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Figures 60-62 compare the vertical distribution of U, V, Tly, and TI;, above x = 0 for all
the simulation cases. For the same air injection length (RA2, RA4, and RA40), it was found
that the mean streamwise velocity, U, decreases as the air injection rate increases, and the
vertical position of the maximum velocity was shown to be also increased for all the
simulation cases. Similarly, for the same air injection flow rate (Q025, Q05, and Q1), U
decreases, and the vertical location of the maximum velocity increases as the air injection
length increases. This increase is simply due to the vertical directionality of the injected
air, and it serves as a barrier to prevent sediment transport. This trend is closely consistent
with the findings of Dey et al. (2010), in which they found the effect of injection on
reducing streamwise velocity by bending the flow upward. The streamwise mean velocity
U in CaseRA2 was found to be significantly higher for all the air injection flow rate
compared to CaseRA20 and CaseRA40. However, the maximum and near-wall TI, were
shown to be relatively lower than the other cases. This lower turbulence intensity allows
for a similar level of scour reduction as in CaseRA20 despite the relatively higher
streamwise mean velocity, as shown in Table 14. V increases as the air injection flow rate
increases for the same air injection length, while the vertical turbulence intensity TI,
decreases. All the information of mean velocities and turbulence intensities discussed here
is summarized in Tables 15 and 16. The near-wall flow variables presented in Table 16
were numerically obtained at y = 6 mm, which is the thickness of the inner layer of the
jet without air injection at x = 0. The findings above indicate that the decreased near-bed
mean streamwise velocity due to the air injection can play a significant role in preventing
local scouring. The correlation between the flow structures and maximum scour depth can
clearly be seen in Figures 63-65. We can confirm that the decreases in the near-bed mean
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streamwise velocity contribute the most to scour reduction, as shown in Figures 63a-65a.
The maximum mean velocity and turbulence intensities are also somewhat associated with
scour reduction, but their correlation is not as consistent as that of the mean streamwise

velocity with the scour reduction.
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Figure 66 illustrates the vortex structures visualized by Q-criterion (isosurface: Q=600)
at a time instant for CaseNA and CaseRA20Q1, serving as representative examples. As
illustrated in the figure, air injection leads to a more active generation of vortices.
However, when air injection is applied, the roller vortices near the apron exhibit a shorter
duration compared to CaseNA. Given that the maximum scour depth h,,, was significantly
reduced at 87.03 %, it can be conjectured that scour mitigation can be achieved by agitating
the jet flow structure by injecting vertical air to prevent forming such vortex structures

near the wall.
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Table 15. Maximum mean velocity and turbulence intensity in y axis at x = 0 in the central vertical plane.

Max (U/U,) Max (V/U,) Max (Tly) Max (TIy)
Rate of change (%) Rate of change (%) Rate of change (%) Rate of change (%)
0.974 0.004 0.309 0.165
CaseNA
0.889 0.079 0.297 0.182
CaseRA2Q025
-8.760 1883.3 -3.982 10.332
0.868 0.100 0.289 0.167
CaseRA2Q05
-10.886 2398.5 -6.406 0.949
0.797 0.204 0.250 0.165
CaseRA2Q1
-18.208 4991.7 -19.075 -0.254
0.669 0.026 0.408 0.229
CaseRA20Q025
-31.326 552.07 32.095 38.868
0.625 0.029 0.419 0.204
CaseRA20Q05
-35.883 633.53 35.582 23.849
0.456 0.167 0.357 0.176
CaseRA20Q1
-53.183 4075 15.534 6.667
0.500 0.052 0.377 0.270
CaseRA40Q025
-48.636 1196.1 22.084 63.458
0.509 0.105 0.346 0.229
CaseRA40Q05
-47.745 2537.3 12.092 38.811
0.378 0.201 0.318 0.213
CaseRA40Q1
-61.179 4914.4 2.986 28.943

136




Table 16. Near-bed mean velocity and turbulence intensity at x = 0 and y = 5 mm in the central vertical plane.

u/u, V/U, T, Tl
Rate of change (%) Rate of change (%) Rate of change (%) Rate of change (%)
0.952 -0.038 0.272 0.060
CaseNA
0.627 0.052 0.276 0.046
CaseRA2Q025
-34.178 -237.19 1.592 -23.310
0.523 0.523 0.257 0.040
CaseRA2Q05
-45.067 -1491.9 -5.386 -34.081
0.202 0.036 0.167 0.032
CaseRA2Q1
-78.739 -196.79 -38.637 -45.985
0.455 -0.003 0.395 0.066
CaseRA20Q025
-52.164 -91.42 45.175 9.436
0.374 0.001 0.386 0.053
CaseRA20Q05
-60.765 -103.32 41.824 -11.103
0.079 0.018 0.232 0.055
CaseRA20Q1
-91.753 -148.97 -14.563 -7.664
0.316 0.009 0.337 0.068
CaseRA40Q025
-66.790 -123.67 24.055 13.517
0.241 0.017 0.297 0.062
CaseRA40Q05
-74.653 -144.82 9.164 3.610
0.084 0.020 0.222 0.058
CaseRA40Q1
-91.223 -152.85 -18.230 -3.085
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7.2.3 Quadrant analysis for bedload transport

The quadrant analysis for bedload transport was conducted to investigate flow-sediment
interactions near the sediment bed at the initial stage of local scouring near the apron (x <
0.18 m) due to the wall jet flow, representatively for CaseNA and CaseRA20Q1. The
detail of the analysis is elucidated in Chapter 4.9. The fluctuating velocities u” and v’ of
water phase, as well as qy, were measured during the first 10 s during which the bed profile
does not significantly change. This ensured that the vertical distance to the measurement
point remained relatively constant. Table 17 includes the quadrant analysis results at
various measurement points from x = 0 to x = 0.175 m. Figure 67 illustrates the quadrant
analysis by weighting the instantaneous bedload transport rate q, with the frequency
distribution of velocity pair of u” and v’ at three representative measurement points, x =
0.015m, 0.075m, and 0.175 m. The vertical position of the measurement points is

located at y=6 mm, which corresponds to the inner jet layer thickness y, in this study.

The quadrant analysis results in CaseNA indicate that the sweep event is the most
responsible turbulence event for moving the sediment forward until x = 0.075 m, as
shown in Figures 67a and 67b. The high ratio of the sweep events near the apron edge is
consistent with the high initial scour during the first 10 s, as depicted in Figure 36a. From
x = 0.075 m, the outward interactions become the most dominant events for moving the
sediment until the last measurement point x = 0.175 m, as depicted in Figure 67c. The
ratio of bedload transport rate occupied by the outward interaction increases along the
streamwise direction, as indicated in Table 17. This upward movement of the sediment can

be attributed to the gradual formation of the stoss side of the scour hole over time.
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In the air injection case CaseRA20Q1, the results of the quadrant analysis reveal that
outward interaction is the most influential turbulence events for sediment transport until
x = 0.075m, as illustrated in Figures 67d and 67e. The dominance of the outward
interaction can be attributed to the effect of the nearby vertical air injection. The area of
the q4-weighted frequency distribution in the figures is determined by the fluctuating
velocity of u” and v’, rather than by the sediment flux. Due to the flow agitation caused by
the nearby air injection, the areas of the frequency distribution in Figures 67d and 67e was
guantified to be similar to those in Figures 67a and 67b. From x = 0.105m to x =
0.135 m, where the sediment is farther away from the air-injecting position, the inward
interaction was identified as the primary turbulence event responsible for moving the
particles, as indicated in Table 17. At the farthest measurement point at x = 0.175 m, the
burst was found to be the most dominant turbulence event in terms of the sediment
movement to upstream. However, as can be seen in Figures 42a and 47, the amount of
sediment movement is not significant. Upon summarizing the results from the quadrant
analysis of bedload transport, it's evident that sweep is the most influential type of
turbulence for moving sediment forward, thereby leading to local scour. By injecting air,
the sediment near the apron moves along the outward and inward interactions, although

only a small amount of sediment movement is involved in this process.
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Table 17. Ratio (in percentage) of bedload transport rate during each turbulence event with and without air injection in

wall jet flow.
Measurement point Case Burst Sweep IOutwa_rd . Inwarq
nteraction interaction

CaseNA 0.035 0.761 0.192 0.013

x =0.015m
CaseR20Q1 0.088 0.241 0.454 0.218
CaseNA 0.011 0.688 0.274 0.027

x = 0.045 m
CaseR20Q1 0.119 0.183 0.462 0.236
CaseNA 0.027 0.438 0.474 0.062

x =0.075m
CaseR20Q1 0.172 0.177 0.419 0.233
CaseNA 0.046 0.272 0.629 0.054

x =0.105m
CaseR20Q1 0.234 0.164 0.274 0.328
CaseNA 0.028 0.152 0.782 0.037

x =0.135m
CaseR20Q1 0.213 0.209 0.176 0.402
CaseNA 0.063 0.062 0.86 0.015

x=0.175m
CaseR20Q1 0.424 0.277 0.083 0.216
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CHAPTER 8. CONCLUSIONS

This thesis first investigates the flow and turbulence structures downstream of various
inclined BFSs, as well as their interactions with sediment behaviors under surface jet flow.
The effect of various inclined BFSs on near-bed flow characteristics, sediment behaviors,
and their interaction in the surface jet flow were numerically investigated. A combined
numerical model of LES and DEM, based on the open sources OpenFOAM framework,
was used to reproduce the separation flow and sediment behaviors. The numerical model
was extensively validated against various experimental data with different angles of
inclined BFSs. The good agreement between the numerical and experimental results
confirmed that the numerical model can be used as a reliable tool to study the turbulent
flow structures and bedload motions around the separation zone. The near-bed mean
velocity, turbulence intensity, and bedload transport rate downstream of the BFSs were
numerically quantified. The coherent vortices behind the BFSs were visualized using the
Q-criterion. The quadrant analysis for flow structure and bedload transport rate was applied
to examine the near-bed flow-sediment interactions. From the simulation results, the

following conclusions and remarks can be summarized:

- For the small BFS angle (10°), a flow separation did not form up. Although the
mean streamwise velocity near bed is largest in comparison to that in the other
larger BFS angles (20°, 30°, and 90°), the near-bed turbulence intensity was

smaller to induce a sediment movement. The coherent vortices visualized by the
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Q-criterion were barely generated with relatively small vorticity. The quadrant
analysis for flow structure and bedload transport revealed that the dominant

turbulence events to move the sediments were mainly burst and sweep events.

When the BFS angle increased to 20°, a small separation zone was formed, and
the reattachment point was located right downstream of the step. It showed that
the near-bed mean velocity decreased slightly, but the near-bed turbulence
intensity was considerably increased in comparison with that in BFS angle of 10°.
The large-scale coherent vortices began to actively generate along the SSL.
Therefore, a reasonable conjecture can be made that the significant increment of
turbulence intensity resulted from the splat effect is caused by the collision of the
hairpin vortices with the bed. A peak of the mean bedload transport rate was found
at a short distance downstream of the reattachment point. As determined by the
guadrant analysis, the dominant turbulence events downstream of the BFS were
mainly burst and sweep, which are similar to the results obtained from the step
angle of 10°. However, the significant turbulence event at the reattachment point
was prominently sweep event, which is indicating that the colliding eddies at the
reattachment point contribute to drag the majority of sediment in the flow

direction.

As the BFS angle further increases to 30° and 90°, the separation zone was
enlarged, consequently the reattachment length is extended to the downstream;
and the mean backflow velocity within the separation zone was increased. An

overall near-bed mean velocity and turbulence intensity were not notably altered.
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However, the distance over which the high near-bed turbulence persists
downstream was found to increase as the step angle increased. The near-bed mean
velocity became zero at the reattachment point, and then the flow was gradually
recovered further downstream. The maximum turbulence intensity was measured
at the vicinity of the reattachment point. The large-scale vortex structures were
formed more actively and lasted longer at these higher BFS angles. The negative
and positive peaks of the mean bedload transport rate were respectively observed
at upstream and downstream of the reattachment point. According to the quadrant
analysis for bedload transport, the sweep event was the most dominant turbulence
event to drag the majority of the sediment toward downstream at the reattachment
point. While the burst event located just right upstream of the reattachment point

was the most significant turbulence event to eject most sediment backward.

Overall, the numerical results revealed the significant effect of BFS angles on the near-
bed turbulent flow structures, sediment behaviors, and their interactions. The flow
separation is not observed at a small BFS angle (10° in this study), consequently leading
to very small turbulence intensity and sediment movement behind the step. The flow
begins to be separated on the step, and its reattachment point is extended as the BFS angle
increases (20°), wherein the near-bed turbulence intensities reach their maximum. The
increased turbulent diffusion in the separation zone is attributed to the large-scale hairpin
vortex structures that are organized along the SSL. The stretching process of the hairpin
vortices provides significant instantaneous impinging force on the bed materials to be
moved away from the bed. The coherent vortices are extended further downstream as the
BFS angle is increased, while the maximum turbulence intensities are unnoticeable
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changed. Accordingly, the distance needed to stabilize the sediment motions is extended
to downstream along with the increased BFS angles. Conforming to the opposite
directions of near-bed mean velocity, two peaks of time-averaged bedload flux are
observed. The location of these peaks also moves toward downstream as the BFS angle
increases. Burst and sweep motions were found to play important roles in sediment
movements at short distances upstream and downstream of the reattachment point,
respectively; the former moves the particles backward (toward upstream), while the latter

transports the particles forward (toward downstream).

Furthermore, numerical investigations were performed to analyze flow structures and
sediment behaviors induced by horizontal wall jet flow behind a sluice gate, both with and
without wide-area air injection on the apron. The two-phase (water-sediment) LES-DEM
coupling was expanded to incorporate air phase by introducing VOF concept to implement
free surface and air injection. The altered bed profile for 60 s without air injection,
simulated by the LES-DEM model, exhibited good agreement with laboratory experiment
results. The mean velocity, turbulence intensity, and bedload transport rate downstream of
the apron were numerically quantified, and the vortex structures over the scour hole were
visualized using the Q-criterion. Based on the simulation results, the following conclusions

and observations can be summarized:

- The air phase was successfully integrated into the existing two-phase (water-
sediment) LES-DEM coupling model, introducing VOF concept to the solver. The

good agreement between the experimental and numerical results for the eroded
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bed profile by the wall jet confirmed that the expanded LES-DEM model can serve

as a reliable tool for simulating local scour due to submerged wall jets.

Bedload transport rate and scour dimensions with and without wide-area air
injection upon the apron was investigated. When air was injected, the bedload
transport rate in the sediment zone significantly decreased during the entire
simulation time, resulting in minimal changes to the bed profile. By the end of the
simulation, the maximum scour depth was found to be decreased by 51.85 % to
90.74 %, depending on the air injection flow rate and injection length. In summary,
it is shown that an increase in both the air injection flow rate and the injection

length leads to a significant mitigation of scour.

As the air injection length increases while maintaining the same volumetric flow
rate, the airflow velocity from each air slot decreases. Accordingly, the momentum
of the injected air decreases. As the momentum of the airflow decreases, the
maximum scour depth also decreases. This implies that not only the volumetric
flow rate but also the momentum should be considered an important factor when

studying the effects of air injection on scour reduction.

To analyze the cause of the decrease in sediment transport due to air injection, the
flow and turbulence structures were examined for cases with and without air
injection. The near-bed mean streamwise velocity at the end of apron decreased
significantly by 91.75 %, depending on the air injection flow rate and injection
length. In contrast, the near-wall vertical velocity substantially increased along

with longer air injection length. In contrast, the near-wall vertical velocity
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substantially increased with air injection. The vertical turbulence intensity barely
changed by air injection. Based on the simulation results, the reduced near-bed

streamwise velocity mainly contributes to the scour mitigation behind the apron.

- Quadrant analysis for bedload transport reveals that sweep is the most responsible
turbulence event for driving forward movement of sediment near the apron,
thereby inducing local scouring. Upon air injections, the most dominant turbulence
event to move sediment near the apron becomes outward interactions with large

flow fluctuations, but small sediment transport rate.

In summary of the simulation results, it is observed that the decrease in near-wall
streamwise velocity played a major role in mitigating the scouring process behind an
apron. The significant reduction of the streamwise velocity due to air injection
substantially aided in mitigating both the bedload transport rate and the maximum scour
depth throughout the evolution of the scour hole. The injected air is thought to serve as a
barrier that contribute to reducing sediment transport by blocking near-bed horizontal flow.
It was found that an increase in both the air injection flow rate and the injection length

results in substantial mitigation of scour.

The finding that the near-bed mean streamwise velocity is the most influential factor in
scour process of wall jet flow contradicts the result that the turbulence intensity is the
predominant factor influencing sediment flux in surface jet flow under flow separation.
This leads to a reasonable conclusion that when analyzing the interaction between flow
structures and sediment behaviors, different key flow variables must be considered,

depending on the specific flow condition and regime.
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For future research, it is worth considering the investigation of flow-sediment
interactions in different flow regimes using the established LES-DEM model in this study
and evaluation of various countermeasures against sediment transport that was not covered
in the current research scope in this thesis. Additionally, it is important to note that this
study focused solely on evaluating the effects of scour reduction on sediment particles of
asingle size. This limitation highlights the need for future research to examine how varying
sediment particle sizes impact the rate of scour reduction. Moreover, the present study
assumed a uniform particle size with a relatively low standard deviation. To better reflect
real-world river conditions, it is recommended that numerical simulations be expanded to
include a wider distribution of particle sizes. By doing so, a more comprehensive
understanding of scour reduction can be attained, considering the diverse range of sediment
particle sizes typically encountered in rivers. In this regard, obtaining quantitative data on
flow conditions, sediment distribution, and the extent of scour near real hydraulic
structures would greatly enhance the validity of the numerical model proposed in this study

and broaden the research's scope.

Furthermore, for the practical application of this research, it is crucial to investigate the
flow conditions that trigger active sediment transport at sites where sediment movement
becomes problematic. This entails examining the location, size, air injection flow rate, and
distribution of air injection areas. The study on determining the optimal spacing between
air slots is also important, as it can affect the merging of air flows with different air
injection velocities. In addition, environmental issues related to change of water
temperature and variation in the amount of oxygen should also be discussed before
implementing the air injection.
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Even though air injection can create a strong buoyancy force and mitigate scouring, as
verified in this study, it is still worth investigating the effects of water on scour mitigation.
For instance, Tamoradi and Ahadiyan (2022) identified scour reduction through water
injection at a river bend. This reduction was attributed to the strong momentum and
turbulence generated by the water injection. Their findings confirmed that scouring was
diminished through the water injection method. Based on these findings, exploring water
injection or a mixed-phase water-air injection in future studies could present significant

opportunities to further our understanding and capabilities in scour mitigation.

Moreover, considering that this study reveals that the principal mechanism for scour
mitigation is the prevention of downward flow, also known as a sweep event, by diverting
the near-bed mean flow upward through air injection, it is worth exploring alternative
erosion reduction strategies, such as the incorporation of an inclined structure like a ramp
at the beginning of the sediment zone. However, the angles and lengths of this structure
should be optimized to reduce flow separation to avoid extensive turbulent diffusion that

could accelerate scouring behind the structure.
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Appendix

1. Terminologies

This chapter briefly defines the terminologies related to this study.

® Surface flow: the flow at a velocity that is not sufficient to create a plunging
flow. The free-surface effect is normally negligible. This type of flow can occur
in both natural and man-made channels, such as rivers, streams, and canals, as
well as in open channels of hydraulic structures like weirs and spillways. The
free-surface effect is normally negligible for this flow regime.

® Submerged wall jet flow: the near-bed jet flow when a sluice gate is opening.
This flow is typically bounded by two shear layers, one at the outer edge of the
flow and another at the wall. This flow type can cause significant scouring of
the bed due to the high velocity and turbulence of the flow.

® Backward-Facing Step (BFS): a BFS is a sudden expansion in a channel where
the flow separates. It is commonly used as a benchmark flow problem in
computational fluid dynamics (CFD) and experimental studies. The study of
BFS flows can provide insights into the flow and turbulence characteristics of
hydraulic structures.

® Separated Shear Layer (SSL): the boundary layer which is separated at the step
edge due to the sudden change of cross-sectional area. In turbulence regime,
the vortices along this SSL grow and fluctuate near the bed giving rise to large

turbulent intensity and sediment transport.
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Separation zone: the area in which the fluctuating streamline along the SSL
covers on the bed.

Reattachment length: the distance from the step edge to the point where the
mean streamwise velocity changes from negative to positive sign on the
vicinity of the bed. In other words, it denotes the point at which the mean
dividing streamline impacts the bed.

Bedload: the sediment flux of the grains moving along the bed. It moves close
to the bed in rolling, dragging, and saltation. The bed load consists of the larger
sediment compared to suspended load.

Incipient motion: the threshold at which the sediment begins to move.
Conventionally, this incipient motion have been determined following Shields
diagram, but in this study, the incipient motion of each particle is determined
by DEM, a lagrangian approach.

Sediment transport: the term used in a broad sense defined as the movement of
sediment by flow field.

Scour: the term used in a wide sense to indicate erosion of bed material or
sediment transport, but more frequently used in a narrower sense as local bed

erosion.
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2. Turbulence concepts

In numerical simulations, Reynolds-Averaged Navier-Stokes (RANS), Large Eddy
Simulation (LES), and Direct Numerical Simulation (DNS) are commonly used to simulate
turbulent flows. They differ in their complexity, computational cost, and the amount of

turbulent flow detail they can capture.

RANS is a widely used method that simplifies the Navier-Stokes equations by averaging
the flow variables over time, separating them into mean and fluctuating components. The
time-averaging process results in the appearance of additional stress terms known as
Reynolds stresses, which need to be modeled using turbulence models like k-epsilon or k-
omega. RANS is computationally efficient, making it suitable for practical engineering
applications. However, it has limitations in capturing unsteady flow features and complex

flow structures.

LES is an intermediate approach between RANS and DNS. It filters the flow field,
separating it into large-scale, resolved turbulent structures (eddies) and smaller, unresolved
scales. The large-scale motions are directly resolved in the simulation, while the smaller-
scale motions are modeled using subgrid-scale (SGS) models. LES is more
computationally expensive than RANS but provides greater accuracy in capturing
unsteady flow features and complex flow structures, making it suitable for studying

turbulent flow phenomena.

DNS is the most accurate but computationally expensive method among the three. It

directly solves the Navier-Stokes equations for all turbulent scales without any turbulence
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model, requiring very fine spatial and temporal discretization. This makes DNS
impractical for most real-world engineering applications but highly valuable for

fundamental turbulence research and validating other turbulence models.

In this study, the Large Eddy Simulation (LES) approach is employed to accurately
reproduce turbulent flow structures. The advantages of using LES can be summarized as

follows:

1. LES captures a wider range of turbulent scales compared to RANS, providing better
insight into the complex flow structures.

2. LES is capable of simulating unsteady and transient flow phenomena that are often
missed by RANS.

3. LES can provide more accurate and detailed flow predictions, especially for
complex geometries and flow regimes.

4. While more computationally expensive than RANS, LES is still less demanding
than DNS, making it a practical choice for studying turbulent flows in many

engineering applications.

In summary, Reynolds-Averaged Navier-Stokes (RANS), Large Eddy Simulation
(LES), and Direct Numerical Simulation (DNS) differ in terms of complexity,
computational cost, and the level of detail they can capture in turbulent flow. LES provides
a balance between accuracy and computational cost, making it a valuable tool for
replicating turbulent flow structures and investigating unsteady flow phenomena. Figure
68 presents a schematic representation of the turbulence length scales resolved and

modeled by these three turbulence models.
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Figure 68. Schematic diagram of backward-facing step flow, re-adapted from
Sodja, (2007).
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