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ABSTRACT

A two-dimensional simulation of sediment transport over wave orbital ripples
driven by onshore velocity-skewed oscillatory flow using a Eulerian two-phase flow
model, SedFoam, is presented to investigate the sensitivity of the turbulence closure
models with respect to sediment transport and ripple migration. The comparison of
simulation results between %" &model and %" ' (SST model at equilibrium stage
confirms that the %" ' (SST model predicts a significantly weaker vortices evolution
in orbital ripple field, which causes less suspended sediment transport during a wave
period. The resulting equilibrium ripple steepness is also under-predicted. An in-depth
analysis reveals that the negative component of cross-diffusion term neglected in %"
" (SST model results in weaker turbulence and lower turbulent suspension. Hence, a
larger onshore near-bed sediment transport and a smaller offshore suspended load
transport are obtained. Consequently, the model with %" ' (SST closure over-predicts
the onshore ripple migration rate. The root cause of which the neglected negative
cross-diffusion term leads to the under-prediction of primary vortices on the ripple

flanks under oscillatory flows is worth of further investigation.

xi



Chapter 1

INTRODUCTION

1.1 Wave Orbital Ripples under Oscillatory Flow

In coastal zones, the physical interaction between wave-induce oscillatory flow
and sandy seabed leads to the mobilization of sediment particles, which results in the
generation and evolution of bedforms covering a wide range of scales. As a prominent
small-scale topographic feature, wave-driven ripples are frequently observed in
shallow coastal regions, e.g., nearshore and continental shelf zones (Wiberg and Harris,
1994). Wave-driven ripples play an essential role in bottom friction and affect
significantly the boundary layer structure and near-bed turbulence intensity, which
further controls sediment transport and morphodynamics. For coastal field studies,
wave-driven ripples have been attracting interest of the scientific community for
decades (for a review, see Pedocchi and Garcia, 2009). A considerable amount of
laboratory experiments, field observations and numerical works have been performed
to study sediment transport over wave-driven ripple. A wide range of knowledge
regarding coastal morphological evolution has been obtained through these studies

A number of field observations and laboratory experiments have been
conducted to develop empirical ripple geometry predictors (e.g., Clifton, 1976; Miller

& Komar, 1980; Nielsen, 1981; Mogridge et al., 1994; Wiberg & Harris, 1994;



O’Donoghue et al., 2006). These studies concentrated on the determination of
equilibrium ripple dimensions, including ripple length (n) and height (h) (or
steepness), for a given wave orbital velocity (0), wave period (T), and sediment size
(231). Bagnold (1946) identified the initiation of ripples with a smaller steepness as
“grain rolling ripples” and characterized the “vortex ripples” as the ripples with
coherent vortices generated on the lee sides and shedding over crests during flow
reversals. Above these steeper ripples, the well-organized vortices control the
sediment entrainment in the water column and subsequent suspended sediment
transport. Clifton and Dingler (1984) classified vortex ripples into three regimes.
“Orbital ripples” manifest the linear relationship between ripple length and wave
orbital diameter (41). “Anorbital ripples” have their length proportional to sediment
size alone. “Suborbital ripples” have their length depending on both wave orbital
diameter and sediment size, which represents a transitional seafloor features between
orbital ripples and suborbital ripples.

The understanding of vortex dynamics is fundamentally important for
momentum transfer and sediment entrainment mechanism over vortex ripples. Earlier
studies observed the correlation between ripple evolution and vortex generation in
oscillatory flow by using dye-injection techniques (e.g., Darwin, 1883; Ayrton, 1910).
A series of small-scale laboratory experiments has been designed to investigate the
dynamics of coherent vortices over fixed or artificial ripples (e.g., Earnshaw &
Greated, 1998; Ahmed & Sato, 2001; Jespersen et al., 2004). These studies showed

that the coherent vortices induced by oscillatory motion grow on the ripple flank



during the acceleration stage of a half-cycle. At the moment of flow reversal, the
vortex with maximum strength is ejected over the ripple crest and drifted with
returning flow until its energy is completely dissipated. Even though the above-
mentioned studies have provided significant insight, the questions arise regarding the
experiment scale effects and the dynamics coupling of vorticity field and ripple
morphology due to fixed ripple beds. A new experimental study by van der Werf et al.
(2007) was carried out aiming at measuring velocities and concentrations over mobile
ripples in the full-scale oscillatory flow tunnel. Driven by an onshore velocity-skewed
flow, measured data indicated that the flow field is dominated by the formation and
ejection of vortices on the ripple flanks at the time of flow reversal and the vortex
generated on the lee side during onshore half-cycle is much stronger than that on the
stoss side during offshore half-cycle. Similar observations of vortex formation-
ejection under acceleration-skewed oscillatory flow are also reported in the full-scale
experiments (e.g., Nichols & Foster, 2007; Yuan & Wang, 2019). By performing the
direct numerical simulation, Blondeaux and Vittori (1991,1999) suggested that the
vortex pair (primary vortex and secondary vortex) plays a crucial role in turbulence
dynamics of oscillatory flow over ripples.

The interaction between wave-induce oscillatory flow and vortices dynamics
increase the complexity of the processes of sediment transport and ripple migration.
The shoaling gravity waves approaching the shore are transformed into velocity-
skewed waves with sharp crest and flat trough, which induces a larger onshore peak

velocity with an onshore duration shorter than half-period. Therefore, the velocity



skewness and acceleration skewness are able to produce net sediment transport in the
cross-shore direction (e.g., O'Donoghue & Wright, 2004). Due to the effects of
asymmetric vortices on sediment transport under velocity-skewed oscillatory flow,
van der Werf et al. (2007) showed that the net (time-averaged) suspended load
transport was offshore directed because the sand transport in the asymmetric flow
condition was controlled by offshore-directed suspended fluxes driven by the
formation and ejection of lee side vortex. The results further revealed that there was a
net onshore bedload transport occurring in the ripple surface, which corresponded to
onshore ripple migration. The relationship between bedload transport and ripple
migration has been investigated by a few other laboratory experiments and field
observations (e.g., Traykovski et al., 1999; Hurther & Thorne, 2011). They showed the
evidence of opposite net sediment fluxes between the offshore suspended load and the
onshore bedload in ripple fields, and further found that the near-bed sediment transport

was responsible for forcing ripple migration.

1.2!' Numerical Modeling of Ripple Migration and Evolution

In addition to numerous experimental studies and field observations, a number
of numerical models have been implemented to simulate the process of sediment
transport over vortex ripples under oscillatory flow in the last decades. The earlier
study can be traced to Longuet-Higgins (1981) who used the inviscid discrete vortex
method to show the process of vortex generation and shedding over ripples. Hansen et

al. (1994) and Malarkey & Davies (2002) utilized the cloud-in-cell discrete vortex



model and Lagrangian model to further predict the distribution of suspended sediment
over fixed ripples. Blondeaux and Vittori (1991) adopted to a combined finite-
difference and spectral methods to solve 2D Navier-Stokes equations for laminar flow
over ripples and analyzed the dynamics features of time-depended vortex pair in ripple
fields.

Due to the rapid advances in computational power, various computational fluid
dynamics (CFD) techniques has been widely applied to the numerical studies of ripple
evolution under turbulent oscillatory flow via direct numerical simulation models
(DNS), large eddy simulation models (LES), and Reynolds-averaged Navier-Stokes
models (RANS). By utilizing DNS models, Scandura et al. (2000) and Blondeaux et al.
(2004) improved the understanding of the dynamics of the coherent vortices and
reported that the three-dimensional vortex structures in the oscillatory flow over two-
dimensional rigid ripples were due to the instability of the bottom shear layer
generated by flow separation. However, the DNS works are limited to the
investigation of low to moderate Reynolds numbers due to the high computational
costs. Chang and Scotti (2003) demonstrated that LES was required to obtain the
accurate results of vortices and turbulent flow over fixed ripples. In later studies,
Zedler and Street (2006) stated the importance of three-dimensional vortex structures
over larger-scale ripples. Chou and Finger (2010) employed the LES model and the
second order arbitrary Lagrangian-Eulerian scheme to simulate ripple evolutions and

migrations. Their numerical results showed the strong coupling mechanism between



hydrodynamics, sediment transport and bedforms evolution, but the predicted ripple
evolution is too fast, possibly due to the overestimation of bedload transport rate.

Due to their lower computational cost, RANS models associated with two-
equation turbulence closures have been popular for the simulation of the coupled flow
field and ripple morphological behaviors. By utilizing %" &turbulence model, studies
of Sato et al. (1987), Tsujimoto et al. (1991), and Eidsvik (2004) showed the model’s
capability to simulate the periodic formation-ejection of vortices above the fixed
rippled beds. Alternatively, some studies such as Tjerry (1996), Andersen (1999) and
Fredsee et al. (1999) provided a detail numerical description of the flow around fixed

ripples by solving the Reynolds-averaged flow with % turbulence closure. Based
on previous numerical works, Marieu et al. (2008) further utilized the numerical
model Dune2D with %" ' turbulence closure for two-dimensional-vertical (2DV)
flow. By solving the Exner equation for morphodynamics, resolving suspended load
sediment transport and parameterizing near-bed load transport with an empirical
power law, they simulated a range of ripple evolution processes from its initial random
state to final equilibrium state. The evolution processes include ripple creation, growth,
merging, and annihilation. Furthermore, the results revealed that the vortices dynamics
plays a crucial role in the creation and development of new ripples by driving intense
sediment fluxes.

A remarkable new dataset by van der Werf et al. (2007) containing detailed

measurements of sediment transport over full-scale ripples in oscillatory flow tunnel

has become available to validate numerical models. One of the oscillatory flow



experiments (Mr5b63) was simulated in a later modeling work by van der Werf et al.
(2008) by using 2DV sediment transport model with %" ' turbulence closure. By
comparing to the time-dependent and wave-period-averaged vorticity fields obtained
from the measured data, they reported that the %" ' model considerably under-
predicted the extent to which the vortices separate and the height to which the vortices
reach in the water column. Through the further analysis of sediment concentration
fields, the results showed that %" ' model produced less suspended sediment clouds
because the predicted vortices tend to occur close to ripple beds. Although this two-
dimensional model produced the net offshore suspended sand transport rate which is
in reasonable agreement with the measured data, it did not have the capability to
predict ripple migration caused by a net onshore bedload transport. There are also a
few numerical studies using the data from Mr5b30 experiment to test the model’s
capability. For examples, Dimas & Leftheriotis (2019) and Chalmoukis et al. (2020)
showed that their simulation results for fluid velocity and suspended sediment
concentration showed a good agreement with the measured data reported by van der
Werf et al. (2007).

In the past decades, two-phase numerical models have been developed to
simulate the full profiles of sediment transport without the assumptions of suspended
load/near-bed load transport. Finn et al. (2016) developed a Eulerian-Lagrangian
point-particle model to simulate sand particle dynamics and ripple migration under
asymmetric oscillatory flow. Comparing to the Eulerian-Lagrangian approach, which

requires expensive computational resources, the Eulerian-Eulerian approach (e.g.,



Dong and Zhang, 1999; Hsu et al., 2004; Bakhtyar et al., 2010) models the sediment
phase as a continuous phase. Chen and Yu (2015) utilized a Eulerian-Eulerian two-
phase flow model to show the processes of vortex formation—ejection and sediment
trapping—lifting over two-dimensional vortex ripples. Recently, Salimi Tarazou;j et al.
(2020) successfully used the Reynolds-Averaged Eulerian two-phase flow model,
called SedFoam, with %" &turbulence closure to simulate sediment transport over
two-dimensional wave orbital ripples and predict the onshore ripple migration rate in a
good agreement with the measured data reported by van der Werf et al. (2007). Their
simulation results further demonstrated that onshore ripple migration under a velocity-
skewed oscillatory flow results from the net onshore near-bed load transport due to the
more intense onshore near-bed sediment fluxes during the onshore flow cycle and

sediment avalanching at the lee side of the ripple.

1.3! Accuracy and Uncertainty of Closure Models

In the framework of Eulerian two-phase flow models, the inter-phase
momentum transfer plays a significant role in coupling the momentum transfer
between fluid phase and sediment phase which are both modeled as continuum (e.g.,
Li & Sawamto, 1995; Dong & Zhang, 1999; Li et al., 2008; Cheng et al., 2017). The
interaction forces between these two phases mainly include the drag force, the added
mass force, and the lift force. Drake & Calantoni (2001) and Bakhtyar et al. (2009)
indicated that the drag force has a dominant effect for typical sand transport in water

in sheet flow conditions. By simulating non-dilute flows carrying high concentration



of sediment in open channel, Jha and Bombardelli (2010) further reported that the
magnitude of drag force is much larger than the magnitudes of added mass force and
lift force, while the added mass force is observed to be more important than the lift
force for nondilute sediment transport because the relative magnitude of the lift and
virtual mass forces with respect to the drag force are approximately 5% and 25%,
respectively. According to Kolev (2005), the added mass force is defined to be
experienced by the body as if it had an additional mass during its translation relative to
the continuum. In order to evaluate the added mass force, Drew and Lahey (1987)
proposed that it can be calculated by using one-half the mass of the fluid displaced and
multiply the difference in the Lagrangian phasic accelerations. By carrying out the
simulation of the accelerated flow around a rigid sphere, Magnaudet (1995) pointed
out that the added mass force is particularly important to decide precisely the particle
trajectories in real flows.

Although the drag force is the principal hydrodynamic force for sediment
transport, the lift force can also play an important role in the incipient motion of near-
bed sediment particles. The earlier experimental studies (e.g., Einstein and El-Sammi,
1942; Bagnold, 1973; Fernandez Luque & van Beek, 1976) revealed that the lift force
is a significant factor affecting the sediment saltation by measuring the trajectory and
velocity of particles in the simple channel flow. According to Crowe et al. (2011), the
lift force perpendicular to the relative velocity direction includes mainly two
components, the shear-induced lift force caused by the vertical gradient of the flow

velocity and the rotation-induced lift force due to the rotation of the particle. Zheng et



al. (2011) utilized the Euler-Lagrange interaction model (DPM) with %" &turbulence
closure to simulate the sand saltation over a 3D barchans dune in turbulent channel
flow. By analyzing the trajectories of injection particles over the dune surface, they
illustrated that both the shear-induced lift force and the rotation-induced lift force
increase the height and distance of sand saltation, and the rotation-induced lift force is
more dominant. There are also a few studies focusing on the effect of lift force on
sediment transport in channel flow. For example, Breugem (2012) indicated that the
life force on the particle far from the wall can be negligible due to the much lower
fluid velocity gradient. Jang et al. (2011) showed that the lift force plays a role in
reducing the friction between sediment particles and the bed surface for bedload
sediment transport. However, only very limited numerical studies regarding lift forces
have currently been conducted for sediment transport in oscillatory flow.

Knowledge of turbulence closure model is fundamentally important in the
Reynolds-averaged models of turbulent flows, which provides the description of eddy
viscosity to solve the Reynolds-averaged Navier-Stokes (RANS) equation. The most
popular nonalgebraic turbulence models are two-equation models, including %" &
model and %" ' model. In the past few years, the %" &model with the two-phase
flow version has been successful in the simulations for one-dimensional-vertical sheet
flow (Cheng et al., 2017) and two-dimensional-vertical oscillatory flow over ripple
beds (Salimi Tarazouj et al., 2020). The two-phase flow version of stand %" ' model
has also been introduced in Chauchat et al. (2017). However, according to the reports

given by Roulund et al. (2005) and Nagel et al. (2020), it is known that both models

10



cannot predict key flow features in the boundary layer flow (such as the evolution of
bottom shear stress) with intense adverse pressure gradients, especially for the scour
simulation. Based on the outstanding work of Menter (1993) and Wilcox (2006, 2008),
the new turbulence closure model %" ' SST (%" ' (5++6) has been developed to
improve the prediction in adverse pressure gradient flows. The %" ' SST model
includes two significant modifications. The first modification is the addition of stress-
limiting term in the calculation of eddy viscosity, which better predicts the eddy
viscosity in adverse pressure gradient flows by accounting for the TKE production to
dissipation ratio. The second modification is the addition of a cross-diffusion term
with a blending function in the specific dissipation rate w-equation, which is induced
by rewriting %" &model into a(%" ' model formulation. For free shear flows, the
cross-diffusion term is positive due to the same signs of the gradients of %and ' ,

which causes % SST model to behave like %" &model. For boundary layer flows,

the cross-diffusion term is suppressed by a blending function when it becomes
negative due to the decrease of %and the increase of ' , which causes %" ' SST

model to behave like %" ' model. It is well-known that %" &model provides a

better prediction in free shear flows and % model shows a better performance in

boundary layer flows. Hence, the % SST model combines the advantages of %"
&model and %" ' model. Besides, it is important for %" ' (SST model to suppress

the negative cross-diffusion term near a solid boundary to ensure numerical stability

(Wilcox, 2008).
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Recently, the %" ' SST (%" ' (6++6) turbulence model with the two-phase
flow version has been implemented in the two-dimensional simulation of scour
phenomenon around a submarine pipeline by using SedFoam developed in CFD
toolbox OpenFOAM (Mathieu et al., 2019). By studying the sensitivity of different
turbulence closures models with respect to the simulation of scour hole formation and
downstream bed morphology, they showed that the %" &model can accurately predict
the time evolution of the maximum scour hole depth, but it cannot reproduce the
vortex-shedding and hence overestimates the bed elevation downstream of the pipeline.

By contrast, the %" ' (SST model can successfully predict the vortex-shedding and
the lee-wake erosion stage of scour, but it considerably underestimates the equilibrium
maximum erosion depth. According to the in-depth analysis given by Mathieu et al.
(2019), the negative contribution of cross-diffusion term due to the different signs of
the gradients of %{and ' near solid boundaries has a predominant effect on the
development of the scour hole. However, comparing to %" & model, the negative

component of cross-diffusion term in %" ' (SST model was suppressed by the
blending function, which has the effect of relaminarizing the flow close to sediment
beds and hence results in less sediment erosion.

This study aims to present the two-dimensional simulation of sediment
transport over wave orbital ripples under oscillatory flow by utilizing the Eulerian-
Eulerian two-phase flow model, SedFoam. We focus on the investigation of the

sensitivity of the turbulence closure models with respect to sediment transport and

ripple migration by comprehensively analyzing the characteristic of the time-
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dependent and wave-period-averaged flow field. The simulation results are validated
with the laboratory experiment reported by van der Werf et al. (2007). According to
the comparison of the results with measured data, we then conduct an in-depth
discussion on the effects of cross-diffusion term on the oscillatory boundary layer flow
over ripples. The second objective is to analyze the sensitivity of the two-phase
interaction force to the simulations for one-dimensional-vertical sheet flow and two-
dimensional-vertical oscillatory flow over ripples. Finally, the conclusion is provided,

and the future work is also recommended at the end.
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Chapter 2

NUMERICAL MODEL

2.1! Model Formulation

SedFoam is the Eulerian two-phase flow model for the multi-dimensional
sediment transport applications (Cheng et al., 2017; Chauchat et al., 2017) utilizing the
open-source CFD toolbox, OpenFOAM. Recently, the model has been extended for
modeling of wave orbital ripples driven by oscillatory flows (Salimi Tarazouj et al.,
2020). Comparing to traditional single-phase models, SedFoam can resolve the full
profiles of sediment transport from the immobile porous bed to the dilute suspended
load transport without the necessity to divide total sediment transport into the near-bed
load transport and suspended load transport. The fundamental formulation of the
model is obtained by averaging the local and instantaneous mass and momentum
conservation equations for fluid and sediment phase (Hsu et al., 2004). In this study,
we adopt the Reynolds-averaged Eulerian two-phase flow equations with the closure
models of inter-phase momentum transfer, fluid turbulence and granular stresses. Two
turbulence closure models of %" &and %" ' (SST are evaluated for simulating orbital
ripples, including their migration and associated near-bed load and suspended load

transport.
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2.1.1! Governing Equations
In the Reynolds-averaged Eulerian two-phase flow equations, the mass

conservation equations for fluid and sediment phases are written as:

7@®8")) 16" )., ,

79 7>, ®)
N2,
79" 75 + (5)

where 8" ) and) represent the turbulence-averaged fluid and sediment volumetric
concentration, ; _ and ; ? are the turbulence-averaged fluid and sediment phase

velocities, and the subscript i=1, 2 represents streamwise and vertical directions in this
two-dimensional-vertical study. The momentum equations for fluid and sediment

phases are given by:
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where @, @ are the fluid and sediment density, respectively, F is the gravitational

acceleration, and Cis the fluid pressure. R represents the external pressure gradient
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driving the flow. The fluid stress E_Aincludes the fluid grain-scale (viscous) stress and

the turbulent Reynolds stress and the latter can be modeled by two different turbulence

closure models in this study (see Sect. 2.1.3). C? and EZare the particle normal stress

and shear stress (see Sect. 2.1.4). Finally, | <:? and | Z:represent the inter-phase
momentum transfer between the fluid and sediment phases, and the model requires

=7

| 27 " | 7 to satisfy the Newton’ 3" law (see Sect. 2.1.2).

<

2.1.2! Inter-phase Momentum Force

In the Eulerian two-phase flow formulation, the momentum transfer of fluid
and sediment phases is coupled through the inter-phase momentum closures. The
interaction between these two phases generally includes the drag force, the added mass
force, the lift force, the buoyancy force and the effect of fluid turbulent suspension
(turbulent flux due to sub-grid gradient diffusion) and several other forces. In the
previous work of Salimi Tarazonj et al. (2020), drag force, buoyancy force and
turbulent suspension are considered. In this study, the effects of added mass force and

lift force are evaluated, and the general momentum exchange is model as:

g (= 2y D) 7@ )DL LR
| 2 KGZ" 5 D): KE7—><. 07—>< PR " pS )

The first two terms on the right-hand-side (RHS) are the drag force and turbulent
suspension with the drag parameter represented by K. Particularly, the first term

represents the averaged drag force due to the mean velocity difference between fluid
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and sediment phases. The second term is the fluid turbulent suspension caused by the
correlation between sediment concentration and fluid velocity fluctuations, which is
obtained from the gradient transport assumption with the turbulence eddy viscosity
L=Mcalculated by %" &or %" ' (SST turbulence closure models, and the Schmidt
number Ny* 8 is specified for simplicity. The third term represents the buoyancy
force. The last two terms on the RHS of equation (5) are the added mass (virtual mass)
force and the lift force. According to Drew and Lahey (1987), the added mass force
due to the change of relative velocity between fluid and sediment phases for a body
submerged in a fluid is expressed as:

aGz" 32

49 ©)

PR * Tor@)

where Tor * 8Lb is the added mass coefficient. The lift force includes mainly two
components, the rotation-induced lift force Psyand the shear-induced lift force Pgyy
Following Kolev (2005), the rotation-induced lift force due to the fluid vorticity is

written as:

PSV* Tou@) (G 2" 5 2)X((YX; ) ()

where Tgy* 8Wb(is the lift coefficient for rotation-induced lift force. The shear-
induced lift force due to the vertical gradient of relative velocity between two phases

is calculated as (Li and Sawamto, 1995):
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where Tgy* JWB(is the lift coefficient for shear-induced lift force.

For the closure of the drag parameter K, we follow Ding and Gidaspow (1990)
to combine the model for dense sediment concentration () Z +5) and the model for
lower sediment concentration () [ +5). Hence, the drag parameter formulation is
expressed as:

8+)°@ 8- @:." i
(8" ))ar" 7] W z+5

+- T @I 2@ )N
4

K * )

@ Tr1 +5

where 4 is the sediment parameter, and the drag coefficient T, is calculated as:
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where the particle Reynolds number is gh; * (8" ))[; 2" ; ? |4W=, and L=is the

fluid molecular viscosity.

2.1.3! Turbulence Model

Because the model formulation is derived by averaging over turbulence, the

fluid stress E_Aconsists of the turbulent Reynolds stress(bz,'rand the fluid grain-scale
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stress | _,which is assumed to be the viscous stress. Hence, the total fluid stress is

model as:

T2 Ta. 57,
7> 7> BT7>,

= = = " = = " 5
Ea* b<,|/\<|: 122 @(8" )) [(L_M3 L™) ( QA) E%:Qp] (88)
in which the turbulence eddy viscosity L=is calculated by the two-equation RANS
turbulence models.
In the present study, the two-phase flow versions of RANS turbulence models,

including %" &model (Cheng et al., 2017) and %" ' (SST model (Nagel et al., 2020),

are used. The general expression for the turbulence kinetic energy (TKE) % is given

by:
7% 7%, 9nTis 7], 0 SKE" )%
79 AT @ T 7>A[ ' Nn 7>Al @@ )y &
.8 L) e g
(8" )) Ny 7> A

The last term on the RHS of equation (12) represents the buoyancy effect which can
attenuate flow turbulence due to the sediment-induced stable density stratification, and
the forth term is also a sink term for TKE through the drag. The parameter n is used to
quantify the degree to which the sediments follow the fluid velocity fluctuations, and

it can be parameterized empirically as:

n* hl PWWM (8B)
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where r * +55 is adopted in this study. The parameter n is quantified by the Stokes
number S9* 9 W5 where @ * @WK is the particle response time, and(Qs* % UB&t
is the characteristic timescale of energetic turbulent eddies. The transport equations for
the turbulent energy dissipation rate and the expressions of the turbulent viscosity

depend on the different turbulence closure models.

21311 1" #Model
For the %" &model, the turbulence viscosity L=Mis calculated by turbulence
kinetic energy % and turbulent energy dissipation rate &,

(%)"
&:

L—M*

(8J)

when u, * ++ (is an empirical coefficient. The balance equation for turbulent kinetic

energy dissipation rate & is written as:

& _T& &EONT:Z T [[ _
— A= Tawvee—=  —| L7 HN & (8-)
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According to Cheng et al. (2017), we use N,* 8,+,N,* 8B u, * ++ , Tr,* 8JJ,
Taw* 8,5, Tyw* 85, and Ty, * +or 1 for stable and unstable density stratification,

respectively.
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2.1.32! 1" $ SST Model
For the %" ' (SST model, the turbulent dissipation rate & can be calculated in
term of the specific dissipation rate ' following the relationship & * u,% . The

turbulence viscosity L=™is calculated by k and ' with the stress-limiting term:

% %
LMx - (86)

5s.s_
2] d ~Hiser |12

where Ts.g* . U, and sox -[—=&. L)~ —LQ 1s the deviatoric part of the
S <A H\ - f ~ € X ~ A p

fluid phase strain rate tensor. Combining stress-limiting term, the eddy viscosity is
calculated with a factor accounting for the TKE production to dissipation ratio. The

balance equation for the specific dissipation rate ' ~ is written as:

— — - =M = — —
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According to Nagel et al. (2020), we use N,* +6,N * 5 u, * ++ ,T. * -U,
Ty, * +++ T, * +B-, and Ty * 1. The fourth term on the RHS of equation

(17) 1s the cross-diffusion term which is written as:

T2t * Y= =5 @&r)
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where  * +-a8: “{%o%d' J+a) " +8ttt is a smoothing function, which is used as a
gradual transition between the regions where the cross-diffusion term is activated or
suppressed in order to ensure numerical stability. The coefficient N with the

Heaviside step function is expressed as:

. %7
- No* (G 75+ |
N ¥ < (ﬂﬁ)Nl* i 8 7%7" (8 )
N1 /—((((((((7—>A E(Z +

Hence, the cross-diffusion term increases the dissipation of TKE by enhancing the
production of specific dissipation rate ' ~ in the free-shear flow, and it is suppressed
when close to a solid boundary. In addition, due to the 2D configuration for the

present simulation, the Pope correction of the vortex stretching is ignored in this study.

2.1.4! Granular Stress Model

The closure of particle stresses consists of two components. It is assumed that
particle stress is dominated by binary collisions in low to moderate sediment
concentration, and enduring contact forces dominate particle stress when sediment
concentration is higher than the random-loose packing threshold of volumetric

concentration of 0.57. Hence, particle pressure C” and particle stress E-{both include a

collisional component (super-script ‘sc’) and a frictional contact component (super-

script ‘sf”):
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According to Johnson et al. (1990), the particle pressure due to frictional contact in the
region of large sediment concentration is calculated as:

H oL =+
Cm* 4, 0"+ ) (55)

* GEB) )3(((((((((0 oZ *-. (
For the collisional component of particle normal stress and shear stress, two granular
stress models are implemented in SedFoam, including the kinetic theory of granular
flows and the dense granular flow rheology. In this study, only the kinetic theory of
granular flows is adopted.

In the kinetic theory model, the collisional components of particle normal
stress and shear stress are modeled by the granular temperature ®, which is defined as
one-third of the kinetic energy of particle velocity fluctuation. Based on the work of
Ding and Gidaspow (1990) and Hsu et al. (2004), the balance equation for granular
temperature is written as:

B[7) @0 7) @; 0
5[ 79 7>
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A

where the terms in RHS are the production of granular temperature, the gradient of

granular temperature flux Uz, the energy dissipation rate due to inelastic collision *,
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and the production or dissipation caused by fluid phase, which is given by Hsu et al.
(2004) as Z.y* ) Kabn% " BOt. The closures for different terms in the RHS of
equation (23) are explained in detail by Cheng et. al. (2017).

The particle shear stress due to frictional contact in the higher sediment

concentration region is modeled as:
En* 5@L7 s2, (53)

where sZ(is the deviatoric part of the strain rate tensor for sediment phase and L’
represents the frictional viscosity, which is calculated to correlate the particle pressure
and particle shear stress by a frictional angle ’ - in the region of enduring contact

(Schaeffer,1987) as:

=)
@ (|5:AIH : ZyR-ss)A

L? *

/H (5' )

where the frictional angle is specified as '-* B5 . The frictional angle is
demonstrated to be important for maintaining ripple geometry and migration because
it represents the threshold angle for the occurrence of sediment avalanching (Salimi
Tarazouj et al., 2020). 2,r.g5 is introduced to avoid numerical instability as a
regularization parameter. The frictional viscosity is limited by a very large maximum
value range of al.} tr., * 8+*~8+3. Using the value below the range causes the

unrealistic ripple slumping, and the value above the range prevents ripple migration.
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2.2!' Model Setup

In the present study, we focus on the two-dimensional-vertical simulation for
sediment transport over wave orbital ripples under oscillatory flow. The simulation
case is designed to model the experiment Mr5b63 (van der Werf et al., 2007) in which
orbital ripples develop under an onshore velocity-skewed Stokes second-order
oscillatory flow. In the 2DV numerical domain (see Figure 2.1), the oscillatory flow is
driven by a prescribed horizontal pressure gradient in the streamwise direction (X),
while the configuration of ripples is implemented in both streamwise direction (X) and
vertical direction (2). In the present 2DV simulation, flow is assumed to be statistically

homogeneous in the spanwise direction.
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Figure 2.1: A sketch of the numerical model domain and the initial ripple bed.

Following the measured data in experiment Mr5b63, the equilibrium ripple

length —* +,J8™ s used as the initial ripple length —in the simulation. Therefore,
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the total domain length is specified asS * B—* 8,5B™ with the number of ripples
> * Bin the streamwise direction. The domain height is set to be S* +,- ™, which is
proved to be large enough to contain the oscillatory bottom boundary layer (Salimi-
Tarazouj et al. 2020). The computational domain in the streamwise direction is
discretized using uniform grids > * 55-+ (with a cell length¢>7 +-- ™™ A total
of > »* JB/ non-uniform grids are used in the vertical direction with the finer grid
resolution * YZ +- ™™in the ripple bed, which ensures the grid ratio >0 YZ 8
near the ripple surface. » Yis gradually increased away from the ripple bed to a
maximum grid height « YZ J™ ™near the top boundary.

At the top boundary of the domain, a free-slip boundary condition (symmetry-
type) is imposed for all quantities, except for a fixed zero value is specified for the
pressure. At the bottom boundary, a no-slip boundary (zero-velocity) is used for the
fluid and sediment phase velocities while a zero-gradient boundary is used for the
other quantities. In the %" &turbulence model, a very small value is imposed for both
%0(8+ -)) and &O(8+ -)) at the bottom boundary of the domain. For the %" ' (SST
turbulence model, the bottom value for' are specified using a wall function from
OpenFOAM. It is pointed out that in each simulation the sediment bed is located at
least 5 cm above the bottom boundary and the choice of bottom boundary condition
for turbulence quantities are not sensitive to the model results. Cyclic (periodic)
boundary conditions are used at the two lateral boundaries, which may affect the

evolution of ripple length. However, the present study focuses on sediment transport
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processes above the ripple bed and ripple migration rate and hence the predictive
capability of ripple length of the present model is not investigated.

The initial sinusoidal topography of the ripple bed is obtained by mapping
sediment concentration profiles from a 1DV sheet flow simulation into each vertical
mesh column throughout the streamwise direction of the 2DV domain. The mapping
procedure aims to establish the reasonable enduring contact stresses C’~ and E’~(for
the initial ripple bed and hence avoid unrealistic slumping. In this study, the initial
ripple length =* +J8™is used by following the experiment Mr5b63, but the initial
ripple height .* +88™ is larger than the measured ripple height ~ * ++.6 ™

The time series of a free-stream velocity follows the Stokes second-order
oscillatory flow driven by a horizontal pressure gradient in the simulation, which is

expressed as:

i1(9* PACE(9): CE (B9 1 5N) (56)

where j » and j yare the first- and second-order near-bed orbital velocity amplitude,
and' * 50U¥ is the angular frequency where ¥ is the wave period. The phase lag(\;
is calculated by enforcing j 1(+) * +. According to the experiment Mr5b63 reported
by van der Werf et al. (2007), we simulate the flow condition of j » * +-J ™, j 4 *
++- ™MUb}jg * +B ™, ¥* -ohCndb * +-" (velocity-skewness). The grain

size 231 * +,JJ ™™ith a specific gravity 0 * 5,6- is modeled in the present study.
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The numerical implementation of the Eulerian two-phase flow sediment
transport model SedFoam is based on the open-source CFD toolbox OpenFOAM,
which provides various finite volume method libraries and solvers. More details about
the numerical implementation is provided by Cheng et. al. (2017) and Chauchat et al.

(2017).
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Chapter 3

COMPARISON OF TURBULENCE MODELS IN SIMULATING TWO-

DIMENSIONAL ORBITAL RIPPLES

The first objective of this study is to investigate the sensitivity of the
turbulence closure models on sediment transport of orbital ripples and their migration.
Two numerical simulations for the oscillating water tunnel experiment of van der
Werf et al. (2007) for orbital ripple of coarse sand driven by onshore velocity skewed

oscillatory flow (case Mr5b63) are carried out by using %" &and %" ' (SST models.

3.1! Time-dependent Flow Field

The model results presented in this study mainly focus on the quasi-steady
equilibrium ripples after driving the simulation for 12 wave periods (t=60 sec). The
quasi-equilibrium state is determined by the criterion of which the difference in the net
sediment transport rate between two adjacent wave periods is less than 5%. In this
subsection, we conduct detail comparisons of time-dependent flow behaviors and

sediment transport quantities.
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3.1.1! Sediment Concentration Field

Figure 3.1 shows the comparison of modeled sediment concentration fields
between %" &model (Figure 3.1E-a to E-h) and %" ' (SST model (Figure 3.1W-a to
W-h) at eight instants during a wave period after the ripple evolutions have reached
the quasi-equilibrium state. Several interesting physical processes of sediment
transport can be observed that shapes the ripple evolutions. Here, to better visualize
the temporal evolution in detail, we represent the sediment concentration fields in the
range of domain height z=0.05~0.25m for the middle ripple in the model domain.
During off-onshore flow reversal (Figure 3.1E-a, W-a), the free stream velocity is
close to zero, and %" & model predicts a more substantial (thicker and stronger
boundary layer shear flow) onshore-directed near-bed flow at the stoss flank of the
ripple than %" ' (SST model (see velocity vectors in the panels). The onshore near-
bed velocity on the stoss side is caused by the primary vortex generated during the
previous wave trough, which results in a cloud of sediment suspended away from the
flank. However, due to the weaker primary vortex predicted by %" ' (SST model, we
are not able to observe the same degree of sediment suspension at the stoss side as %"
&model. When free stream flow is accelerating onshore (Figure 3.1E-b, W-b), the
result of %" &model shows that the cloud of sediment trapped in the vortex is
delivered over the ripple crest due to the ejection of stoss vortex from the stoss flank
of ripple. Beneath the cloud, near-bed sediment transport covers the ripple crest due to

the accelerating boundary layer flow over the ripple flank. For %" ' (SST model, only

the near-bed sediment transport is observed and the effect of the vortex on the
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suspended sediment cloud is almost nonexistence. Comparing the results at onshore
peak flow (Figure 3.1E-c, W-c), %" &model is able to predict the flow separation at
the lee side of ripple (velocity vectors reverse at x=0.72m), but %" ' (SST model fails
to predict the flow separation at this moment. During onshore flow deceleration, a
cloud of sediment trapped in the well-organized primary vortex at the lee ripple flank
can be observed in %" &model (Figure 3.1E-d), but for %" ' (SST model, near-bed
flow only starts to return at x=0.78m. The primary vortex predicted by the %" ' (SST
model is much smaller in contrast to %" &model (Figure 3.1W-d).

At the instant of on-offshore flow reversal (Figure 3.1E-e, W-e), since the lee
vortex is stronger than the stoss vortex under the effect of onshore velocity skewness,
both turbulence models show that the magnitude of near-bed velocity and the degree
of sediment suspension are larger than that shown at off-onshore flow reversal, but
%" ' (SST model shows smaller suspended load transport over the lee ripple flank in
comparison with %" &model due to the modeled weaker primary vortex. When the
free stream is accelerating offshore (Figure 3.1E-f, W-f), for@" &model, the cloud of
sediment with a larger size continues to swept over the ripple crest by offshore-
directed jet flow caused by the vortex pair on the lee side (Salimi-Tarazouj et al. 2020).

By contrast, %" ' (SST model still indicates a negligible suspended load over the
ripple crest. During offshore flow peak (Figure 3.1E-g, W-g) and offshore flow

deceleration (Figure 3.1E-h, W-h), the patterns of sediment concentration evolution

predicted by these models are similar to those shown in Figure 3.1E-c & W-c and
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Figure 3.1E-d & W-d, but the flow separation now occurs on the stoss side of the

ripple.

In summary, through the visualization of sediment concentration field

combining fluid velocity vectors for %" &model and %" ' (SST model results, we
observe that %" ' (SST model significantly under-predicts the intensity and size of
sediment clouds over the ripple surface during the entire wave period. The similar
results are reported in the fixed-bed single-phase flow numerical study by van der
Werf et al. (2008) which reveals that %" ' (model under-predicts the height to which
sediment clouds are lifted and the size of the suspended cloud. Moreover, it is
interesting to point out that the modeled ripple bathymetry shown in Figure 3.1 are
different between these two turbulence models. The ripple shape predicted by %"

" (SST model is rounder than that shown in the %" &model, which will be discussed

in depth in the next subsection of ripple geometry.
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Figure 3.1: A comparison of simulated sediment concentration fields between %" &
model results (left two panels E-a to E-h) and %" ' (SST model results
(right two panels W-a to W-h) at eight representative instants during a
wave period. Each panel shows down-sampled fluid velocity vectors.
Top panel represents the time series of free stream velocity with the
indicated eight instants.
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3.1.2! Ripple Geometry

Figure 3.2 shows the comparison of equilibrium ripple profiles between %" &
model, %" ' (SST model, and the measured data (van der Werf et al., 2007). The
equilibrium geometry for the middle ripple is obtained by calculating the wave-period-
averaged sediment volumetric concentration during the twelfth wave cycle and
defining the contour of ) * +,-. (theoretical random loose packing concentration) as
the ripple bed profile. In order to better illustrate the discrepancy between simulation
results and the measured data, we shift the horizontal positions of modeled ripple
profiles to ensure that the corresponding ripple crests are vertically-aligned with each
other.

As illustrated in Figure 3.2, the equilibrium ripple profile predicted by %" &
model shows a reasonable agreement with measured data in comparison with %"
" (SST model. In panel (a), %" &model predicts that the equilibrium ripple steepness
is aU=* +8./ ( ~U—* +8 for the measured value in the laboratory experiment)

and the corresponding ripple height is a * ++.B™. For %" ' (SST model in panel
(b), the predicted equilibrium ripple steepness and ripple height are ~U— * +,8JJ
and _ * ++-° ™ respectively. Therefore, in contrast with %" & model, the
equilibrium ripple steepness and ripple height are under-predicted by %" ' (SST
model, and the shape of the ripple crest in panel (b) is more round than that shown in

panel (a). As mentioned before, since %" &model is able to predict the stronger

primary vortex on the ripple flanks, a considerable amount of sediment can be
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suspended near the ripple surface and transported from the ripple troughs toward the
crests to increase the ripple height. Meanwhile, for %" &model, the stronger return
flow induced by the vortex pair increases the flow shear in the boundary layer, which
further erode more sediments on the ripple flanks to enhance the ripple steepness. This
point will be made more clear later in Section 3.2.1. On the contrary, because the
strength of primary vortex is under-predicted by %" ' (SST model in the ripple field,
the modeled equilibrium ripple height becomes lower and the ripple steepness is
milder. The comparison of the equilibrium ripple profiles between those two
turbulence models further demonstrates that the ripple geometry is directed associated
with the dynamics of vortex generation-ejection under asymmetric flow. More in-
depth analysis on how these differences control the sediment flux over the ripple will

be given in the later sections.
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measured data (symbols), the initial ripple profile (dashed curve), and the
equilibrium ripple profile (solid curve).
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3.1.3! Fluid Velocity and Sediment Concentration Profiles

Figure 3.3 shows the comparison of modeled fluid velocity profiles between
the two turbulence models. The results are presented for five different locations
throughout the streamwise direction of the middle ripple at eight specific instants
during one wave period. The modeled streamwise velocity profiles are further
validated with the measured data by Van der Werf et al. (2007). It is worth noting that
when putting different modeled velocity profiles together to compare with each other,
we observe that the location of velocity profiles for %" ' (SST model is slightly lower
(for example, see Figure 3.3b, x=0.61m). This discrepancy close to the ripple surface
is because the equilibrium ripple height predicted by the %" ' (SST model is lower
than the measured data and that predicted by the %" &model (see Section 3.1.2).

During off-onshore flow reversal and onshore flow acceleration (Figure 3.3a,
b), the velocity profiles modeled by two turbulence models both capture the features
of the primary vortex ejected from the stoss side and over the crest of the ripple.
During off-onshore flow reversal (Figure 3.3a), velocity computed by %" ' (SST
agrees slightly better with measured data. However, during onshore flow acceleration
(Figure 3.3b), %" ' (SST model under-predicts the magnitude of onshore-directed
velocity near the ripple crest and lee-side ripple surface. At the time of onshore peak
flow (Figure 3.3c), %" &model predicts the flow separation in the lee (onshore) side
of the ripple (x=0.68m). However, for %" ' (SST model, there is no observation of
the inflection point in fluid velocity profiles, which means that the flow separation is

not predicted at this moment. During onshore flow deceleration (Figure 3.3d), the
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velocity profiles for %" &model capture the dynamics features of the primary vortex
on the lee side of the ripple due to the intense offshore-directed flow occurring at
x=0.68~0.75m (approximately -0.3~-0.4m/s). In contrast, the velocity profile
predicted by the %" ' (SST model just starts to show the feature of flow separation at
the lee side (x=0.75m). The corresponding offshore-directed near-bed velocity
intensity is only 0.1m/s, which is much smaller than the prediction of %" &model.
The@" ' (SST model significantly underestimates the degree of flow separation in
comparison with %" &model. During offshore flow cycle (Figure 3.3e~h), compared
to %" ' (SST model, the velocity profiles for %" &model show a better agreement
with measured data. In general, through the comparison of streamwise velocity
profiles between model results and measured data, we observe that %" ' (SST model
does not have the capability to predict the reasonable flow separation during flow
deceleration and flow reversal so that the effect of vortex generation-ejection is
significantly under-predicted.

Meanwhile, the comparison of sediment concentration profiles between model
results and measured data at eight instants during one wave period is shown in Figure
3.4 (a)~(h). In the region of one ripple height above the ripple crest, the concentration
profiles of %" &model show good agreement with the measured data. However, %"
" (SST model significantly under-predicts suspended sand concentration. This under-
prediction is clearly related to the under-predicted vortex intensity in the flow

separation region presented before. Moreover, it can be also attributed to the under-
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prediction of turbulence intensity (and hence eddy viscosity) by the %" ' (SST model
to be discussed in Section 3.4. In the dilute region where the sediment concentration is
approximately lower than 8+ X, both turbulence models produce lower suspended
sediment concentration in comparison with measured data during the entire wave
cycle. The under-prediction is especially pronounced by the %" ' (SST model which
predicts sediment concentration close to 8+ -. The discrepancy between model results
and measured data may reflect the limitation of the RANS turbulence models for the
prediction of turbulent-sediment interaction (Stokes number, see Equation 13). The
modeled fluid velocity profiles and sediment concentration profiles are caused by the
complex dynamic coupling effects between oscillatory turbulent flow and vortex
generation-ejection. Therefore, we will discuss more about vortex/vorticity dynamics

by analyzing the modeled vorticity fields.
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Figure 3.3: Comparisons of the streamwise fluid velocity profiles between measured
data (symbols), %" &model results (blue solid curves) and %" ' (SST
model results (red dash curves) at eight representative instants in panel
(a)~(h) respectively. Each panel shows velocity profiles at five locations

over the middle ripple. Top panel represents the time series of free stream
velocity with the indicated eight instants.
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3.1.4! Vorticity Field

To better illustrate the dynamics features of vortices, we focus on analyzing the
dimensionless vorticity Q in the 2DV oscillatory flow defined as « /* * a7-~Ur>"
7; TUrYtU , where ' represents the angular frequency of the oscillatory flow.
Meanwhile, in order to identify the coherent structure of vortex in the boundary layer
region with intense vorticity (large shear rate), we follow the study by Zhou et. al.,
(1999) to introduce the normalized swirling strength, which is expressed by - U *
\/@U if ®Z + and -U * + if ®[ +, where ®* ("a7; ~U7>t@7-~~Urvt ("
ar; ~urvt@7-=Ur>t°U . Figure 3.5 shows the comparison of modeled normalized
vorticity fields between %" &model (Figure 3.5E-a to E-h) and %" ' (SST model
(Figure 3.5W-a to W-h) for eight instants during a wave period. During off-onshore
flow reversal (Figure 3.5E-a, W-a), both turbulence models are able to predict the
coherent vortex structure which results from the flow separation in the previous
offshore flow cycle on the stoss side of the ripple. The coherent vortex is enclosed by
the contour of - U * 8 with positive (counterclockwise, red color) vorticity. In the
result of %" &model, the stoss vortex extends up to a height of 0.18m from the ripple
surface, and the corresponding vertical maximum length is about 0.11m (about one
ripple height). By contrast, we observe that the size and strength of stoss vortex are
under-predicted in %" ' (SST model. Although the predicted strength of vorticity is
only slightly smaller than that predicted by the %" &model, the size of stoss vortex is

confined to a narrow region of about 0.04 m above the stoss flank. At the instant of
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onshore flow acceleration (Figure 3.5E-b, W-b), under the effect of a near-surface jet,
the primary vortex is ejected from the stoss side and passes over the ripple crest while
its strength is gradually reducing. This feature can be clearly observed in the %" &
model results. On the other hand, the coherent vortex is much weaker (enclosed by the
contour of - U * 8) in the prediction of %" ' (SST model due to the weaker swirling
strength, and the height to which vorticity is lifted is under-predicted. In addition, %"

& model also predicts the secondary vortex within a region of negative vorticity
(clockwise, blue color) near the ripple crest, which is not clearly seen in the Figure
3.5W-b. During onshore peak flow (Figure 3.5E-c, W-c), as illustrated in %" &model,
the region of negative vorticity on the lee ripple flank has been expanded by the flow
separation, and the corresponding lee vortex starts to appear at x=0.7m. For %"

" (SST model, because there is no flow separation at this time point, the increase of
negative vorticity over the ripple is mainly due to the velocity gradient associated with
onshore velocity of boundary layer flow. When onshore flow is decelerating (Figure
3.5E-d, W-d), the %" &model results show that lee vortex has developed to the
maximum size and strength, and the secondary counterclockwise vortex within the
positive vorticity region beneath the primary vortex has emerged clearly. By contrast,

as for %" ' (SST model, the secondary vortex (with positive vorticity) on the lee side
is not predicted, and the modeled primary vortex with smaller size occurs close to the
ripple surface (x=0.78m) because boundary flow starts to return here.

During and after on-offshore flow reversal (Figure 3.5E-e, W-e and Figure

3.5E-f, W-f), both turbulence models predict the stronger vortex on the lee side of the
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ripple than that shown during off-onshore reversal due to the effect of velocity
skewness. However, in comparison with %" ' (SST model, the results of %" &model
(see Figure 3.5E-f) show that the stronger primary vortex (with negative vorticity) is
lifted away from the ripple surface to a higher location (z=0.2 m) and ejected over the
ripple crest by the more intense offshore jet related to the secondary vortex (with
positive vorticity). At the instants of offshore peak flow (Figure 3.5E-g, W-g) and
offshore flow deceleration (Figure 3.5E-h, W-h), the dynamics features of vorticity are
basically similar to those shown during onshore peak flow and onshore flow
deceleration.

In general, through the comparison of normalized vorticity fields between two
turbulence models, we observe that %" &model predicts the strength and physical

size of vortices larger than that predicted by %" ' (SST model, especially for the
height reached by the primary vortex. Besides, %" ' (SST model basically fails to
predict the secondary vortex caused by the returning flow. The similar results are
indicated in van der Werf et al. (2008) which utilizes the %" ' model to show the
time-dependent and wave-period-averaged vorticity contours over one fixed ripple

under oscillatory flow. The results further demonstrate that % model under-
predicts the height to which the vortices reach in the water column, and most of the

vorticity tends to occur near the ripple surface.
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Figure 3.5: A comparison of simulated normalized vorticity fields between %" &

" (SST model results
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the contours of swirling strength. Top panel represents the time series of

free stream velocity with the indicated eight instants.

model results (left two panels E-a to E-h) and %
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3.1.5! Streamwise Sediment Flux Field

The temporal evolution in sediment flux is correlated with the variation of
sediment concentration, which is dominated by the coupling effect of velocity-skewed
oscillatory flow and vorticities dynamics. The horizontal sediment flux is obtained
from the product of the sediment concentration and the streamwise velocity, which is

expressed as B ) ; ? where the sand flux is normalized by the formula as + *

m . Figure 3.6 shows the comparison of normalized streamwise
sediment flux fields between %" & model (Figure 3.6E-a to E-h) and %" ' (SST
model (Figure 3.6W-a to W-h) for eight instants during a wave period. During off-
onshore flow reversal (Figure 3.6E-a, W-a), the streamwise sediment flux is onshore
directed (red color) and mainly occurs close to the stoss side of ripple. At this moment,
the onshore-directed sand flux predicted by %" ' (SST model is smaller which is
associated with the weaker stoss vortex illustrated in the vorticity field. At the time of
onshore flow acceleration (Figure 3.6E-b, W-b), as for %" &model, the boundary
layer flow on the lee side of the ripple is accelerating toward the ripple crest, which
produces higher onshore-directed near-bed sand flux, and combined with the effect of
stoss vortex ejection, an amount of suspended onshore-directed sediment flux is
carried past the ripple crest. Since the strength of ejected vorticity is under-predicted
by %" ' (SST model, only the onshore-directed near-bed sand flux can be observed in
Figure 3.6W-b due to the sediment erosion from the attached boundary layer flow

covering the stoss flank. During onshore peak flow (Figure 3.6E-c, W-c), both
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turbulence models are able to predict the increasing onshore-directed near-bed sand
flux because the onshore flow continues to accelerate over the ripple crest. However,
the %" &model also predicts an offshore-directed near-bed sediment flux (blue color)
occurring at the lee ripple flank (x=0.7m, the flow separation region), which is not

indicated in the result of %" ' (SST model. When onshore flow is decelerating
(Figure 3.6E-d, W-d), the more intensive offshore-directed sand flux is predicted
by %" & model due to the stronger lee vortex induced by the amplified flow
separation. Meanwhile, %" ' (SST model still predicts a predominately onshore flux
with a slight offshore-directed sand flux starting to emerge near the ripple bed due to
the weaker flow separation at x=0.78m in Figure 3.6W-d. It is worth noting that
sediment avalanche occurring at the lee side (32 degrees) results in a smaller onshore-
directed sand flux near the ripple surface (see Figure 3.6E-d, x=0.7m), which is not

indicated in %" ' (SST model because the steepness of lee ripple flank is under-
predicted. Thus, the complexity of sediment flux on the lee flank is not shown in %"
" (SST model.

During and after on-offshore flow reversal (Figure 3.6E-e, W-e and Figure
3.6E-f, W-f), the offshore-directed sediment flux prevails throughout the ripple. In
contrast with %" ' (SST model, %" &model predicts significantly more suspended
sediment flux driven by the jet flow induced by the stronger vortex pair from the lee
side. At the instants of offshore peak flow (Figure 3.6E-g, W-g) and offshore flow

deceleration (Figure 3.6E-h, W-h), for %" &model, the onshore-directed near-bed

sand flux is predicted on the stoss side, but the corresponding sediment avalanche is
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not observed because the slope of the stoss flank is gentler. The results of %" ' (SST
model are basically similar to those shown during previous onshore flow cycle, but the
offshore-directed near-bed sand flux over the ripple crest is less intense due to the
effect of flow asymmetry.

In summary, the main difference of modeled sediment flux fields between two
turbulence models is that a larger amount of suspended sand flux is predicted by %" &
model due to the stronger process of primary vortex generation-ejection, which is not
illustrated in the results of %" ' (SST model. Generally, %" ' (SST model shows the
dominance of near-bed load and the sediment flux is more or less in-phase with free-
stream velocity. Besides, %" ' (SST model does not predict the sediment avalanche
on the ripple flank because the predicted ripple steepness is milder than that indicated

in %' &model.
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Figure 3.6: A comparison of simulated streamwise sediment flux fields between %

h) and %" ' (SST model results

h) at eight representative instants during a

wave period. Each panel shows down-sampled fluid velocity vectors.
Top panel represents the time series of free stream velocity with the

&model results (left two panels E-a to E
indicated eight instants.
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3.2l Time-averaged Flow Field

Based on the analysis of instantaneous flow fields in Section 3.1, it has become
clear that %" ' (SST model significantly under-predicts the intensity of flow
separation in comparison with %" &model, which further causes the weaker primary
vortex generation and ejection. In this section, we continue to investigate of wave-
period-averaged flow fields, which provides a different perspective for analyzing the
sensitivity of different turbulence models on the averaged flow characteristics in the

orbital ripple field.

3.2.1! Averaged Velocity and Concentration Profiles

Figure 3.7 shows the wave-period-averaged fluid velocity profiles
corresponding to five different locations above the time-averaged ripple profile. We
carry out wave-period-average for the simulation during the twelfth wave cycle
(55sec~60sec) when the ripple has reached the quasi-steady equilibrium state. The
modeled time-averaged velocity profiles for two turbulence closures are further
validated with measured data. Comparing between Figure 3.7a and Figure 3.7b, %" &
model predicts a net onshore near-bed velocity on the stoss side and a more intense
offshore near-bed velocity on the lee side of the ripple, which agree with the important
features of primary vortex developed on the ripple flanks revealed in the measured

data. However, for %" ' (SST model, the net fluid velocity profiles show a smaller

magnitude of near-bed velocity on both ripple flanks, which confirms that the main
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features of primary vortex are not well predicted by the model. Thus, in comparison
with %" ' (SST model, the time-averaged fluid velocities predicted by %" &model
show a much better agreement with measured data.

Through the analysis of wave-period-averaged sediment volumetric
concentration profiles illustrated in Figure 3.8, the results for %" &model show fair
agreements with measure data expect for a slight under-prediction of sediment
concentration in the dilute region far away from the ripple surface, consistent with the
time-dependent results shown in Figure 3.4. However, comparing Figure 3.8a and
Figure 3.8b, most of suspended sediment predicted by %" ' (SST model has been
confined within a near-bed region of about one half ripple height above the ripple
surface. In general, the difference between %" &model and %" ' (SST model on the
predicted flow velocity and sediment concentration are more evident when examining
the wave-period-averaged results. The comparison of sediment concentration profiles
between two turbulence models reveals that the stronger primary vortex leads to an

intense sand suspension process and further increases the turbulent diffusion of

sediment concentration in the water column.
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3.2.2! Averaged Fluid Velocity and Vorticity Field
The comparison of wave-period-averaged fluid velocity fields between two
turbulence models are shown in Figure 3.9. In the mean flow field predicted by %" &

model (see Figure 3.9a), it can be seen that two counter-rotating mean circulation cells
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are located at the either side of the ripple, which are caused by the primary vortices
over the ripple flanks. The result of %" &model further shows that the intensity of
velocity vectors in the right circulation cell (onshore side) is larger than that shown in
the left circulation cell (offshore side). The predicted asymmetry in the circulation
cells is consistent with the onshore-skewed free-stream wave orbital velocity.
Meanwhile, the mean flow field produces stronger mean velocities close to the ripple
surfaces toward the ripple crest and maintains the ripple steepness against the
downslope gravitational force. By contrast, for the cycle-averaged velocity field
predicted by the %" ' (SST model (see Figure 3.9b), the intensity of mean circulation
cells on both ripple flanks appears much weaker and the corresponding positions in the
field are different from that shown in panel (a). In the boundary layer flow close to the
ripple surface, we also observe the relatively stronger mean velocities along the ripple
surfaces toward the crest although the intensity is lower than those predicted by the
%" &model. The weaker primary vortices in the %" ' (SST is directly related to the
milder ripple steepness, or vice versa.

The wave-period-averaged normalized vorticity fields for two turbulence
models are illustrated in Figure 3.10. The %" &model predicts a stronger primary
vortex on the lee side of the ripple (negative, clockwise vorticity) than that shown on
the stoss side (positive, counterclockwise) under the effect of onshore velocity-skewed

wave motion. The@®" ' (SST model considerably under-predicts the size and strength
of primary vortex on the ripple flanks and underestimates the height to which the

vortex is lifted. Besides, due to the contribution of the returning flow of the primary
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& model predicts a stronger flow shear in the

%

vortex over the ripple surface,

boundary layer, which causes a more intense strip of vorticity beneath the primary

vortex than those predicted in %" ' (SST model.
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3.2.3! Averaged Sediment Flux Field

The wave-period-averaged normalized streamwise sediment flux fields
calculated by two turbulence models are shown in Figure 3.11, which are highly
correlated with time-averaged velocity field. Since the vortex formation-ejection
process controls the flow field in %" &model results (see Figure 3.11a), a notable
offshore-directed sand flux (negative) occurs at the lee side and over the ripple crest.
Most of the offshore sand flux are above the contour of ) * ++/, which means that
the stronger primary vortex leads to more intense offshore-directed suspended load
transport. Meanwhile, the effects of onshore velocity skewness and sediment
avalanche contribute to an onshore-directed near-bed sediment flux (positive) between
the contours of ) * +-. and) * ++/, which further causes the onshore ripple
migration (Salimi Tarazouj et al, 2020). However, for %" ' (SST model (see Figure
3.11b), since vorticities strength is under-predicted, the modeled time-averaged flux
field is distinctly different from that predicted by %" &model. Generally, the effect of
onshore velocity-skewed wave motion plays a major role in controlling sediment
transport over the ripple via near-bed load while the more complex suspended load
dynamics associated with primary vortices ejection is negligible. Comparing with the
%" &model results, a more intense onshore near-bed sediment flux occurs at the stoss
side and over the ripple crest, and the offshore-directed sediment flux on the lee side
of the ripple is significantly underestimated. The dominance of near-bed load

predicted by the %" ' (SST model leads to a very different ripple migration rate as

will be discussed in Section 3.3.
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Figure 3.11: A comparison of wave-period-averaged normalized streamwise sediment
flux field between %" &model results (a) and %" ' (SST model results
(b). Each panel indicates the contours of the sediment volumetric
concentration of ) * +-. (black line) and) * ++/ (white line).
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3.3! Ripple Migration

The interaction between wave-induce oscillatory flow and vortices dynamics
increases the complexity of the processes of sediment transport and ripple migration.
Salimi Tarazouj et al., (2020) utilize the %" &turbulence closure model to show that
the resulting onshore-directed near-bed sediment flux forces the onshore ripple
migration under the onshore velocity-skewed oscillatory flow, while the more intense
ejection of lee primary vortex to the stoss side contributes to offshore sediment
transport via suspended load. Therefore, the resulting ripple migration (or net transport)
is a balance between the onshore-directed near-bed load and offshore-directed
suspended load. Based on the previous work, we further investigate the sensitivity of
different turbulence models with respect to the ripple migration under the onshore
velocity-skewed oscillatory flow.

Figure 3.12(a, b) shows the wave-period-averaged ripple profiles calculated by
two turbulence closure models at the selected wave cycles. As the number of
simulated wave increases, both models are able to predict that the ripple migrates
toward the onshore direction, and the ripple geometry continues to evolve until it
reaches the equilibrium state at 12" wave cycle. By tracking the crest of the time-
averaged ripple profile for each wave cycle, the corresponding onshore ripple
migration rate is calculated in Figure 3.12(c, d). For %" & model, the onshore
migration rate reaches a quasi-steady value of about 2 * 86(™ ™J™M3" after simulating

ten wave periods, which is close to the observation of 2 * 8/ ("M™UJ™S3” reported in
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the experiment. On the other hand, %" ' (SST model predicts the higher onshore
migration rate close to the value of around 2 * 58(™™J™3" when the ripple reaches
the equilibrium state. It can be seen that the ripple onshore migration predicted by %"
" (SST model is faster than that predicted by %" &model. As mentioned above, the
larger onshore ripple migration rate predicted by %" ' (SST model is consistent with
the resulting larger onshore near-bed sediment flux. According to Figure 3.11, an
intense onshore near-bed sediment flux occurs at the stoss flank due to onshore
velocity skewness, and a notable offshore transport occurs via suspended load due to
the returning flow of the lee primary vortex. The latter results in the decrease of the
net onshore sediment transport and onshore ripple migration. However, for %" ' (SST
model, the time-averaged sediment flux field is dominated by the intense onshore
near-bed sediment flux on the stoss ripple flank, and the offshore sand flux on the lee
side is significantly under-predicted, which causes a larger net onshore near-bed
sediment flux. Hence, in contrast with %" & model, %" ' (SST model predicts a
higher onshore ripple migration rate.

To better quantify the sediment transport rates between %" &model and %"
" (SST model, Figure 3.13 shows the time series of horizontal-averaged (x-direction)
sediment transport rates for near-bed load and suspended load, respectively. The
demarcation between near-bed load and suspended load is defined as the Py *

Ho~m: 5231 (Nielsen, 1986), where [lo~op is the time-averaged vertical location of

the ripple crest. Thus, the near-bed load transport rate(®.~.. is expressed as ®.~.. *
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flﬂ" @Y)4Y, where @EY) represents the horizontal-averaged sediment flux. The
suspended load transport rate(®.., is calculated by ®;., * fﬂjm» @&Y)4Y.

As illustrated in the results of %" &model (see Figure 3.13a), during onshore
flow acceleration, the near-bed load transport is dominant. After onshore peak flow,
due to the vortex shedding from the stoss side of the ripple, the suspended load
transport gradually becomes the dominant component. During the offshore half-cycle,
the transport field is controlled by the offshore suspended load transport, which is due
to the stronger lee vortex generation-ejection induced by the asymmetric flow. By
contrast, the time series of sediment transport predicted by %" ' (SST model is nearly
always dominated by the near-bed load because the vortex generation-ejection plays a
minor role in the ripple field. Hence, it is clearly that the sediment transport field
during the entire wave cycle is dominated by the near-bed load transport, and the

onshore near-bed load transport is more intense than the offshore near-bed load

transport (see Figure 3.13b), and leading to a larger onshore ripple migration rate.
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Figure 3.12: Comparisons of ripple migration between %" &model results and %"
' (SST model results. Panels (a) and (b) show time-averaged ripple
profiles at different wave periods by using the contour of volumetric
concentration ) * +-. . Panels (c) and (d) present ripple migration rate
corresponding to each wave cycle.
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Figure 3.13: Time series near-bed load transport (solid red line) and suspended load
transport (dash blue line) for %" & model results (a) and %" ' (SST
model results (b). Top panel shows the time series of free stream velocity.
The dash-dot-lines in each panel indicates the instants of the flow peaks
and the flow reversals.

Through calculating the wave-period-averaged near-bed/suspended load
transport rates, we obtain the net sediment transport rates for %" &model and %"
" (SST model respectively, which is further validated with the experiment results from

van der Werf et al. (2007). These results are shown in Table 3.1.
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Table 3.1:  Comparisons of sediment transport rates between model results and
experiment results.

"l(“gaﬁsi)gﬁﬁfit)e %' & %" ' (SST Experiment
@- 4.83 6.35 4.5
@ 435 3.71 -8.2
@y 0.48 10.06 3.7

®.~. :near-bed load sediment transport rate, ®.., : suspended load sediment transport
rate, ®.~\, : net sediment transport rate

As indicated in Table 3.1, the onshore near-bed sediment transport rate
predicted by %" ' (SST model (6,B-X8+ —™bl "t is larger than that predicted by
%" & model (J/BX8+ -™Hpl "t and the measured data (J- X8+ -™pl "t .
Namely, the %" ' (SST model over-predicts the net onshore near-bed sediment flux
and hence overestimates the onshore ripple migration rate. Besides, since@" ' (SST
model fails to predict the sufficiently intense vortices in the ripple field, the calculated
suspended load transport rate is positive (onshore-directed). On the contrary, the
measured data and %" &model both show a negative (offshore-directed) suspended
load transport rates, which confirms that the offshore suspended load transport is
dominated by the primary vortex formation-ejection on the lee side of the ripple.
Finally, the total net sediment transport rate calculated by %" ' (SST model is also
onshore-directed, and it shows a much larger value (8++6X8+ ™l ") in
comparison with %" &model (+J/ X8+ -™bl "), By contrast, the net sediment

transport rate reported in the experiment is offshore-directed (®. * " 3.7X8+ —™HY
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ol "). More discussion about this discrepancy can be referred to the work of Salimi

Tarazouj et al. (2020).

3.4! Discussion

Through the comprehensive analysis of the characteristics of the time-
dependent and wave-period-averaged flow field, it is shown that the %" ' (SST model
is not able to correctly simulate the vortices evolution in orbital ripple field and hence
under-predicts the suspended sediment transport during the entire oscillatory wave
period. When the ripple simulation reaches an equilibrium state, the ripple steepness
(height) predicted by %" ' (SST model is milder (lower) than that indicated in %" &
model. From Table 3.1, %" ' (SST model appears to also over-predict the near-bed
load sediment transport rate, which results in a larger onshore ripple migration rate. In
this subsection, we further conduct an in-depth analysis on (%" & model and %"
" (SST model to explain the reasons behind the different simulation results mentioned
above.

The weaker vortex generation-ejection in %" ' (SST model results is mainly
caused by underestimating the intensity of flow separation on the ripple flanks during
the flow deceleration and the flow reversal. It is well-known that the adverse pressure
gradient plays a critical role in causing the flow separation, which imposes a pressure

gradient force on the boundary layer to consume boundary layer vorticity induced by

the boundary layer shear and eventually causes the flow velocity to reverse sign at
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certain location of the surface. Figure 3.14 combines the hydrodynamics pressure
fields and the sediment concentration fields to illustrate the relationship between the
adverse pressure gradient and the flow separation. During off-onshore flow reversal
(Figure 3.14 E-a, W-a), the %" & model predicts the stronger adverse pressure
gradient (pressure increases) along the stoss ripple flank (x=0.5~0.6m) due to steeper
ripple slope (see panels E-c, W-c). During onshore peak flow (panels E-b, W-b), %" &
model indicates a more intense adverse pressure gradient on the lee side (x=0.75m),
which results in the stronger flow separation in panel (E-d). By contrast, the adverse
pressure gradient predicted by %" ' (SST model is much weaker such that the flow
separation on the lee ripple flank is not observed in panel (W-d). Thus, Figure 3.14
further confirms that the underestimated adverse pressure gradient on the ripple flanks
associated with a lower steepness ripple is the main cause of which %" ' (SST model
fails to predict the reasonable primary vortex in the orbital ripple field.

According to the theory of flow separation over a bluff body, the fluid flow is
able to follow the no-slip surface profile if the contour of a body has a relatively
smooth transition. However, if the surface profile has a more abrupt transition, the
fluid is often detached from the surface. Therefore, for %" &model, the sharp ripple
crest easily causes a stronger flow separation on the ripple flanks, and the flow
separation occurs earlier during the onshore/offshore half cycle. By contrast, the round

ripple crest shown in %" ' (SST model delays the flow separation and moves the

separation point back to a position away from the ripple crest.
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Since low ripple steepness, weak adverse pressure gradient, and flow
separation are inter-related processes, it remains unclear which mechanism is the root
cause of inaccuracy in the %" ' (SST model. According to the predicted ripple
profiles shown in Figure 3.12, the initial ripple profiles specified in the %" &model
and %" ' (SST model simulations are identical. However, after the action of the first 5

wave periods, the ripple profile predicted by the %" ' (SST model is already of lower
steepness and more rounded shape. Since the fixed bed single-phase numerical study
of van der Werf et al. (2008) also reported much weaker primary vortices and flow
separation, we conjecture that the inability of %" ' (SST model to predict a sufficient
intensity of primary vortices and hence weaker wave-period-averaged circulation

toward the ripple crest (see Figure 3.9) may be the root cause of the under-prediction

of ripple steepness.
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Figure 3.14: The top four panels show a comparison of modeled hydrodynamics
pressure fields between %" &model results (panels E-a, E-b) and %"
" (SST model results (panels W-a, W-b) at the instants of off-onshore
flow reversal and onshore peak flow. The lower four panels (E-c, E-d,
W-c and W-d) are the corresponding sediment concentration and velocity
fields.

Since the %" ' (SST model significantly under-predicts the intensity of
primary vortices and hence the suspended load, the ripple geometry evolution is

mainly controlled by the near-bed sediment transport. As mentioned before, when the
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ripple reaches an equilibrium state, the onshore near-bed load transport rate predicted
by %" ' (SST model is significantly larger in comparison with %" &model during a
wave period. By analyzing the time-averaged near-bed sediment concentration profiles
(see Figure 3.15), we observe that in the near-bed load region (between the contours of
) * +-. and) * +,+/), the sediment concentration predicted by %" ' (SST model
is notably larger than the results shown in %" &model, especially for the stoss side of
the ripple due to the effect of onshore velocity skewness. Hence, a more intense near-
bed sediment concentration is a main cause leading to a larger onshore near-bed

sediment transport rate and onshore ripple migration rate in the prediction of %"
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Figure 3.15: A comparison of time-averaged near-bed sediment concentration profiles
between %" & model results (blue solid line) and %" ' (SST model
results (magenta solid line) at five locations through the ripple
bathymetry. The panel indicates the contours of the sediment volumetric
concentration of ) * +,-. (red solid line) and ) * ++/ (green dash
line).
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According to the Equations (16) ~ (19), the important modification introduced
in %" ' (SST model is the addition of cross-diffusion term in the specific dissipation
rate w-equation. As discussed in Mathieu et al. (2019), close to the boundary layer, the
cross-diffusion term becomes negative due to the increase of %and the decrease of ' .
However, the negative component of cross-diffusion term in %" ' (SST model is
suppressed in boundary layer flow through a blending function to ensure numerical
stability. Hence, in comparison with %" &model, %" ' (SST model ignores the effect
of the negative cross-diffusion term near the ripple surfaces. In order to clearly show
the influence of the negative cross-diffusion term on the ripple simulation, we select
the two representative instants to compare TKE fields and eddy viscosity fields
between the two turbulence models. As illustrated in Figure 3.16 (E-a, E-b and W-a,
W-b), the intensity of TKE predicted by %" ' (SST model is about half of that
computed in the %" &model. Meanwhile, the value of eddy viscosity predicted by
%" ' (SST model is about two or three times less than the results of %" &model (see
panels E-c, E-d and W-c, W-d). The negative component of cross-diffusion term can
reduce the specific dissipation rate ' in the corresponding equation. However, when
the negative cross-diffusion term is suppressed in %" ' (SST model in the boundary
layer near the ripple surface, specific dissipation rate ' is over-predicted and TKE is
under-predicted in the ripple simulation. The less TKE and more ' further lead to the

weaker eddy viscosity compared with the %" &model results.
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Therefore, due to neglecting the negative cross-diffusion term, %" ' (SST
model under-predicts the TKE and eddy viscosity. Since the turbulent suspension of
sediment is modeled by gradient transport assumption (see Equation 5), which is

proportional to eddy viscosity, %" ' (SST predicts much less suspended load and an
increased sediment concentration near the ripple surfaces as near-bed load. Besides,

the main flow with less turbulence becomes stronger around the ripple beds, which

also increases the near-bed load sediment transport in the results of %" ' (SST model.
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Figure 3.16:
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The top four panels show a comparison of modeled turbulence kinetic
energy (TKE) fields between %" &model results (panels E-a, E-b) and
%" ' (SST model results (panels W-a, W-b) at the instants of onshore
flow acceleration and onshore peak flow. The lower four panels show a
comparison of modeled eddy viscosity fields between %" & model
results (panels E-c, E-d) and %" ' (SST model results (panels W-c, W-d)
at the corresponding time.
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Chapter 4

EFFECTS OF TWO-PHASE INTERACTION FORCE ON SEDIMENT

TRANSPORT

In the numerical modeling of wave-driven orbital ripples using SedFoam, the
one-dimensional-vertical (1DV) sheet flow simulation plays an important role in
defining the initial bathymetry of the ripple bed by mapping the obtained sediment
concentration profiles into a 2DV ripple domain. In this chapter, we first investigate
the sensitivities of added mass force and lift force in the 1DV sheet flow simulations,
and then we expand the analysis to the 2DV modeling of wave orbital ripples under

oscillatory flow. The turbulence closure model used here is %" &model.

4.1! Sensitivities of Added Mass and Lift Forces for 1DV Sheet Flow Simulation

According to the study by Cheng et. al. (2017), the 1DV simulation of
oscillatory sheet flow using SedFoam has been successfully validated by laboratory
oscillating water tunnel experiment of O’Donoghue et.al. (2004) with %" &
turbulence model. The modeled sediment concentration and fluid velocity profiles
show a good agreement with the measured data. However, in the modeling of
interphase momentum exchange forces, the added mass force and lift force are
neglected for simplicity in the previous work. Although the general understanding

assumes that they play a minor role in the interaction between the fluid phase and
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sediment phase when compared with the drag force, their effects have not been
quantified. Hence, in order to investigate the effects of two-phase interaction forces on
sheet flow sediment transport under oscillatory flows, the added mass force and lift
force are implemented in the current 1DV configuration.

In the domain of 1DV sheet flow, S and Sy, in the streamwise and spanwise
direction are reduced to one grid cell, and the initial bed is assumed to be a flat bed
ripple-free condition. The grid setup in the vertical direction and the corresponding
boundary conditions are referred to Figure 2.1 (2DV numerical domain). The
numerical simulations for the experiment of O’Donoghue et.al., (2004) are carried out
by using %" &model, and the detailed information on flow forcing and grain size is

provided in Table 4.1.

Table 4.1: A summary of simulated flow conditions and grain sizes for each case.

Case ID | Y1 ((mm) T (s) A (m) R s re, ((m/s) | ; ro (m/s)
Ca5010 0.51 5.0 1.0 0.63 1.53 0.89
Ca7515 0.51 7.5 1.5 0.63 1.53 0.89
Ma5010 0.28 5.0 1.0 0.63 1.53 0.89
Ma7515 0.28 7.5 1.5 0.63 1.53 0.89

Yx1: sand grain diameter, T: flow period, A: amplitude of flow horizontal excursion, R:
flow asymmetry, ; . (. maximum onshore flow velocity, ; g» : root mean square
flow velocity.
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The detail simulation results for evaluating the sensitivity of added mass force
to sediment transport under oscillatory sheet flow is illustrated in Table 4.2. For each
case, we simulate two conditions (added mass coefficient(Us,s * (+,- and neglecting
added mass effect by specifying (Uy,s * +t to make a comparison. The important
quantities of the wave-period-averaged near-bed/suspended load transport rate and the
net sediment transport rate are indicated in the table below. Besides, to better examine
the effect of added mass force, the rate of change(® ®%, is defined to describe the
percentage change in the net sediment transport rate over a wave period, and

Js.o 5~ (is calculated to show the ratio of suspended load transport rate to near-bed

load transport rate. The lift force is not considered here.
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Table 4.2: The sensitivity of added mass force to sediment transport under
oscillatory sheet flow.

Transport Rate (8+ 3™Hgl ™) _
Case ID Uy, * ®4\ U224
. ® ®, ®
oo Pe? *~M
0 2.91 5.01 7.92 1.73
Ca5010 +0.3%
0.5 2.91 5.03 7.94 1.73
0 2.56 4.50 7.06 1.75
Ca7515 +0.3%
0.5 2.56 4.51 7.08 1.76
0 2.24 5.79 8.03 2.59
Ma5010 +0.2%
0.5 2.24 5.81 8.05 2.59
0 2.16 5.40 7.56 2.49
Ma7515 +0.4%
0.5 2.18 5.41 7.59 2.48

Uys Aadded mass coefficient, ®.: : near-bed load sediment transport rate, ®,., :
suspended load sediment transport rate, ®.-; : net sediment transport rate, ® ®%; :
change rate of net sediment transport rate when compared with the case of no-added
mass force, §,.oy~ : the ratio of suspended load transport rate to near-bed load

transport rate.

In the results for coarse sand cases (Ca5010 and Ca7515), when the added
mass force is considered in the simulations (Us,g * +,-), the net sediment transport
rates ®,, (are nearly unchanged and the corresponding change rates are about ® ®% *
+BA (®.- (increases 0.3%) in comparison with the cases of no-added mass force. The
similar results are shown in the cases of medium sand (¥, * +5/ ™™. The change
rates A®.-, for Ma5010 and Ma7515 are about 0.2% and 0.3%, respectively, which
further demonstrates that the added mass force has a negligible effect on the net
sediment transport rate for medium sand. Hence, we can conclude that the added mass

force plays a very minor role to sheet flow sediment transport for the simulations of
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coarse sand and medium sand under the oscillatory sheet flow conditions. Besides, the
results in Table 4.2 further reveal that the cases (Ca5010 and Ma5010) with a shorter
wave period of A* -“c ¢ predict larger net sediment transport rates than the cases
(Ca7515 and Ma7515) with a longer wave period of A* . -“c¢ for the same grain
size, which may be because the thinner boundary layer developed by the shorter wave
period induces a larger near-bed shear stress to increase sediment transport. Through
the comparison of g,.» 4~ , the contribution of suspended load transport in medium
sand cases is more than that in coarse sand cases because the finer sand particles of
smaller settling velocity are easily to be suspended in the water column.

Table 4.3 summarizes the simulation results of the effect of lift force to
sediment transport under oscillatory sheet flow. The lift force includes mainly two
components, the shear-induced lift force (lift coefficient Tgy* JUWB) and the rotation-
induced lift force (lift coefficient Tgy* 8Wb). To better evaluate the effects of
different types of lift force, for each case, we simulate three different conditions (lift
coefficient(Ug* 0, 4/3, or 1/2) separately to make a comparison between the case
without lift force, the case with shear-induced lift force and the case with rotation-
induced lift force. The added mass force is not considered here.

In the coarse sand cases of Ca5010 and Ca7515, when compared with the cases
of no-lift force, the shear-induced lift force (Tg* JWB) can increase the net sediment
transport rate by about 2.0%~2.2% (see the corresponding ® ®%),), and the rotation-

induced lift force (Ts* 8Wb) can increase the net sediment transport rate by around
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5.1%~5.3% (* ®%; ). Hence, compared to shear-induced lift force, the rotation-induced
lift force has large effects on increasing sediment transport for the coarse sand.

Moreover, through the comparison of g., 4~ , the two types of lift force both lead to

a reduction in the ratio of suspend load to near-bed load, which indicates that the lift
forces increase sediment transport by mainly enhancing the contribution of near-bed
load in the sheet flow simulation. The similar results are illustrated in the medium
sand cases (Ma5010 and Ma7515). The change rates * ®&, (for the cases with rotation-
induced lift force are about 5.0%~5.5%, which is twice more than the results for the

cases with shear-induced lift force aA®. * 5BAA5,JA t, The ratios g,y are

also reduced due to the introduction of lift force in the simulations. Therefore, through
the analysis of results for coarse sand and medium sand cases, the rotation-induced lift
force is more important than shear-induced lift force for sediment transport under
oscillatory sheet flow, and the lift forces mainly cause more sediment transport in

near-bed load regions (sheet flow layer) when compared with suspended load regions.
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Table 4.3:  The sensitivity of lift force to sediment transport under oscillatory sheet

flow.
Transport Rate (8+ 3™Hgl ™) _
Case ID TS e ®, ® . ®.<’-M U722 U
oot Pe? Y
0 291 5.01 7.92 1.73
Ca5010 4/3 3.09 5.00 8.09 +2.2% 1.61
1/2 3.31 5.03 8.34 +5.3% 1.52
0 2.56 4.50 7.06 1.75
Ca7515 4/3 2.72 4.48 7.20 +2.0% 1.65
1/2 2.89 4.53 7.42 +5.1% 1.56
0 2.24 5.79 8.03 2.59
Ma5010 4/3 2.36 5.86 8.22 +2.4% 2.48
1/2 2.55 5.88 8.43 +5.0% 2.31
0 2.16 5.40 7.56 2.49
Ma7515 4/3 2.29 5.44 7.73 +2.3% 2.38
1/2 2.44 5.54 7.98 +5.5% 2.27

TAlift coefficient, ®-~. : near-bed load sediment transport rate, ®., : suspended load
sediment transport rate, ®.-;: net sediment transport rate, * ® Achange rate of net
sediment transport rate when compared with the case of no-lift force, g,.o 4~ : the
ratio of suspended load transport rate to near-bed load transport rate.

To better visualize the effects of the lift forces on sediment transport, we select
the case Ca5010 to show the comparison of time series of sediment transport rate
between two types of lift force in the sheet flow layer (see Figure 4.1). The sheet flow
layer (near-bed load) is defined in the region between the sediment volumetric

concentration of ) * +-. and) * ++/. It can be seen that in this layer, rotation-

induced lift force (black dash line) has a greater effect on sediment transport rate than
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the shear-induced lift force (blue dash line), especially during the more energetic
onshore half-cycle. This is consistent with the results of Table 4.3 which has
demonstrated that rotation-induced lift force plays a more important role in the

simulation results in comparison with shear-induced lift force.

U, (mss)

0 05 1 15 2 25 3 as 4 45
t(s)

Figure 4.1: Time series sediment transport rate in the sheet flow layer for Ca5010
case. The panel indicates the comparison between the result for no-lift
force (red solid line), shear-induced lift force (blue dash line), and

rotation-induced lift force (black dash line). The free stream velocity
(green dash line) is also shown in the panel.

According to the Equations (7) and (8), the main difference in the 1DV
simulation between these two types of lift force is that shear-induced lift force is
proportional to the magnitude of relative velocity gradient and rotation-induced lift
force is proportional to the magnitude of fluid velocity gradient. Figure 4.2 shows the
comparison of the magnitudes between the two different velocity gradients at the

instants of the peak flow and the flow reversal for case Ca5010. Since the stronger
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shear rate occurs close to the bed in the boundary layer, the magnitude of fluid
velocity gradient is larger, which results in an intense rotation-induced lift force near
the bottom. By contrast, because the sediments follow the fluid velocity fluctuations in
the flow (Stokes number, see Equation 13), the velocity difference between the fluid
phase and sediment phase is smaller, and the relative velocity gradient is several times
less than that of fluid velocity gradient. Hence, the shear-induced lift force is smaller
in comparison with rotation-induced lift force. Away from the bottoms, the two types
of lift force both gradually decay due to the decreased magnitudes of velocity
gradients.

In summary, in comparison with shear-induced lift force, the more intense
rotation-induced lift force caused by a larger fluid velocity gradient can cause more
sediment suspended from the beds and hence increase the sediment transport rate in
the sheet flow layer. Overall, the lift force is more sensitive to sediment transport
when compared with added mass force, but its effect on net transport rate is only about

5%.
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A comparison of the magnitudes between the streamwise fluid velocity

gradient (red line) and the streamwise relative velocity gradient (blue line)
for Ca5010 case at three representative instants during a wave period.

Top panel shows the time series of free stream velocity with the indicated

three instants.

4.2! Sensitivity of Rotation-induced Lift Force on Orbital Ripples Simulation

As illustrated in Section 4.1, in the one-dimensional-vertical (1DV) oscillatory

sheet flow simulation, the rotation-induced lift force is more sensitive to sediment

transport when compared with added mass force and shear-induced lift force, although

its effect on the net transport rate is only about 5%. In this section, we continue to
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investigate the sensitivity of rotation-induced lift force on the two-dimensional-
vertical (2DV) simulation of sediment transport over wave orbital ripples driven by
the onshore velocity-skewed oscillatory flow. The simulation cases are designed to
model the experiment Mr5b63 of van der Werf et al. (2007) (see section 2.2) under
two different conditions of no-lift force and rotation-induced lift force.

To better visualize the effect of rotation-induced lift force in the wave orbital
ripple field, Figure 4.3 shows the simulation results of sediment concentration fields
and vorticity fields for the case without lift force and the case with rotation-induced
lift force at four representative instants during a wave period. At the instants of off-
onshore flow reversal (panels E-a, L-a) and on-offshore flow reversal (panels E-c, L-c),
both simulations predict the similar patterns of sediment concentration evolution over
the ripple flanks. The position and strength of primary vortices predicted by the two
cases are also similar to each other (see panels E-e, L-e and E-g, L-g). At the time of
onshore peak flow (panels E-b, L-b) and offshore peak flow (panels E-d, L-d), both
cases show that a sediment cloud is delivered over the ripple crest and the flow
separation starts to occur at ripple flanks, which causes the primary vortex generation
(see panels E-f, L-f and E-h, L-h). In general, when the rotation-induced lift force is
considered in the model, the simulated sediment concentration fields and vorticity
fields are nearly identical with the results of the case without lift force, which indicates
that the rotation-induced lift force plays a minor role in the simulation of wave orbital

ripples.
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Figure 4.3: Panels in the top two rows show the comparison of simulated sediment
concentration fields between the results for no-lift force (panels E-a to E-
d) and rotation-induced lift force (panels L-a to L-d) at the four instants
of the flow reversals and the peak flows. Panels in the lower two rows
(E-e to E-h and L-e to L-h) are the corresponding normalized vorticity
fields. Each panel shows down-sampled fluid velocity vectors.

Figure 4.4 shows the time series of horizontal-averaged (x-direction) sediment
transport rates for near-bed load and suspended load, respectively. Through the
comparison between the results for no-lift force (panel a) and rotation-induced lift
force (panel b), it can be seen that the trends of the corresponding curves predicted by

the two cases are basically similar to each other. Moreover, through calculating the
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wave-period-averaged near-bed/suspended load transport rates, we obtain the net
sediment transport rates shown in Table 4.4. When compared with the results of no-lift
force, the rotation-induced lift force (Tg* 8Wb) can increase the net sediment transport
rate by around 4.2% (¢ ®%,), but the predicted suspended load to near-bed load ratio

0705~ 1s nearly unchanged. Generally speaking, the quantitative analysis confirms

that the rotation-induced lift force has only a slight effect on sediment transport in the
wave orbital ripple simulation, and hence we can neglect the lift force in the
interaction between the fluid phase and sediment phase when investigating the
sensitivity of the turbulence closure models on sediment transport of wave orbital

ripples and their migration.

85



E \\,\ g
a
' b
Figure 4.4: Time series near-bed load transport (solid red line) and suspended load
transport (dash blue line) for the case of no-lift force (a) and the case of
rotation-induced lift force (b). Top panel shows the time series of free
stream velocity. The dash-dot-lines in each panel indicates the instants of
the flow peaks and the flow reversals.
Table 4.4:  The sensitivity of rotation-induced lift force to sediment transport over
wave orbital ripples under oscillatory flow.
Transport Rate (8+ -™Hgl ™) _
Case ID Ts * ®4y J72e2 U
(QER ®s. ®.y
0 4.83 -4.35 0.48 0.90
Mr5b63
1/2 4.87 -4.37 0.50 +4.2% 0.89

TJAlift coefficient, » ®%, Achange rate of net sediment transport rate when compared

with the case of no-lift force, go.; .
near-bed load transport rate.

: the ratio of suspended load transport rate to
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Chapter 5

CONCLUSIONS AND FUTURE WORK

This study presents the two-dimensional simulation of sediment transport over
wave orbital ripples under the onshore velocity-skewed oscillatory flow by utilizing
the Eulerian-Eulerian two-phase flow model, SedFoam. Continuing from the previous
work of Salimi Tarazonj et al. (2020), we investigate the sensitivity of the turbulence
closure models with respect to sediment transport and ripple migration by
comprehensively analyzing the characteristic of the time-dependent and wave-period-
averaged flow fields. The simulation results are validated with the laboratory
measured flow velocity and suspended sediment concentration reported by van der
Werf et al. (2007). Through the comparison of the results between %" &model and
%" ' (SST model, it is shown that %" ' (SST model is not able to predict the proper
intensity of the primary vortices in the orbital ripple field and hence under-predicts the
suspended load sediment transport at the equilibrium for nearly the entire wave period.
For the equilibrium ripple geometry predicted by %" ' (SST model, the ripple
steepness becomes milder and the ripple height becomes lower, which lead to a round-
crested ripple when compared with the results of@" &model. Besides, %" ' (SST

model appears to over-predict the near-bed load sediment transport rate, which results

in a larger onshore ripple migration rate. Generally speaking, the results predicted by
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%" &model show much better agreement with measured data in comparison with the
simulation using %" ' (SST model.

Through a detailed discussion of the %" ' ( SST model results, the
underestimated adverse pressure gradient on the ripple flanks associated with a lower
ripple steepness can cause a weaker flow separation and hence the under-predicted
primary vortex in the orbital ripple field. Since the processes of weak adverse pressure
gradient, low ripple steepness and flow separation are inter-related with each other, it
remains unclear which mechanism is the root cause of inaccuracy in the %" ' (SST
model. However, combining the numerical work of van der Werf et al. (2008), we
conjecture that the inability of %" ' (SST model to predict proper intensity of primary
vortices may be the root cause of the under-prediction of ripple steepness. Besides, an
in-depth analysis between the %" & model and %" ' (SST model reveals the
importance of the negative cross-diffusion term in the boundary layer near the ripple
surface. Due to the neglect of the negative cross-diffusion term, %" ' (SST model
under-predicts the TKE and eddy viscosity in the flow field, which causes much less
suspended sediment transport away from the ripple and an increased sediment
concentration near the ripple surfaces. The more intense near-bed sediment
concentration is a main cause leading to an over-prediction of onshore near-bed
sediment transport rate and onshore ripple migration rate in the prediction of %"
" (SST model.

For two-phase interaction forces, by quantifying the effects of added mass

force and lift force in the 1DV oscillatory sheet flow simulation, the lift force is more
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sensitive to sediment transport when compared with added mass force, but its effect on
net transport rate is only about 5%. In the 2DV simulation of wave orbital ripples, the
rotation-induced lift force has only a slight effect on sediment transport under
oscillatory flows.

In the future work, we will conduct a more in-depth numerical study on the
problem of why missing the negative cross-diffusion term leads to the inability of %"
" (SST model to predict the stronger flow separation and primary vortices observed in
the measured data. The single-phase fluid simulations over a fixed ripple for %"
&model and %" ' (SST model should be carried out to critically evaluate turbulence
closure and investigate whether the negative cross-diffusion term plays a crucial role
in modeling the vortices dynamics in the ripple field. It is also necessary to evaluate
the sensitivity of %" ' (SST model results to the initial ripple geometry and the
blending function A shown in equation (18). Meanwhile, the more accurate approach
of 3D large-eddy simulation (LES) should be implemented in the ripple configuration
to gain a better understanding of the complex coupling between turbulence structures

and sediment dynamics.

89



REFERENCES

Ahmed, A. S., & Sato, S. (2001). Investigation of bottom boundary layer dynamics of
movable bed by using enhanced PIV technique. Coastal engineering journal,
43(04), 239-258.

Andersen, K. H. (1999). Ripples Beneath Surface Waves and Topics in Shell Models of
Turbulence, Ph.D. thesis, Univ. of Copenhagen, Denmark.

Ayrton, H., & Ayrton, W. E. (1910). The origin and growth of ripple-mark.
Proceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, 84(571), 285-310.

Bagnold, R. A. (1946). Motion of waves in shallow water. Interaction between waves
and sand bottoms. Proceedings of the Royal Society of London. Series A.
Mathematical and Physical Sciences, 187(1008), 1-18.

Bagnold, R. A. (1973). The nature of saltation and of ‘bed-load’transport in water.
Proceedings of the Royal Society of London. A. Mathematical and Physical
Sciences, 332(1591), 473-504.

Bakhtyar, R., Barry, D. A., Li, L., Jeng, D. S., & Yeganeh-Bakhtiary, A. (2009).
Modeling sediment transport in the swash zone: A review. Ocean Engineering,
36(9-10), 767-783.

Bakhtyar, R., Barry, D. A., Yeganeh-Bakhtiary, A., Li, L., Parlange, J. Y., & Sander,
G. C. (2010). Numerical simulation of two-phase flow for sediment transport
in the inner-surf and swash zones. Advances in water resources, 33(3), 277-
290.

Blondeaux, P., & Vittori, G. (1991). Vorticity dynamics in an oscillatory flow over a
rippled bed. Journal of Fluid Mechanics, 226, 257-289.

Besio, G., Blondeaux, P., Brocchini, M., & Vittori, G. (2004). On the modeling of
sand wave migration. Journal of Geophysical Research: Oceans, 109(C4).

Breugem, W. P. (2012). A second-order accurate immersed boundary method for fully
resolved simulations of particle-laden flows. Journal of Computational Physics,
231(13), 4469-4498.

90



Chalmoukis, I. A., Dimas, A. A., & Grigoriadis, D. G. (2020). Large-Eddy Simulation
of Turbulent Oscillatory Flow Over Three-Dimensional Transient Vortex
Ripple Geometries in Quasi-Equilibrium. Journal of Geophysical Research:
Earth Surface, 125(8), e2019JF005451.

Chang, Y. S., & Scotti, A. (2003). Entrainment and suspension of sediments into a
turbulent flow over ripples. Journal of turbulence, 4(1), 019.

Chauchat, J., Cheng, Z., Nagel, T., Bonamy, C., & Hsu, T. J. (2017). SedFoam-2.0: a
3-D two-phase flow numerical model for sediment transport. Geoscientific
Model Development, 10(12), 4367-4392.

Chen, X., & Yu, X. (2015). A numerical study on oscillatory flow-induced sediment
motion over vortex ripples. Journal of Physical Oceanography, 45(1), 228-246.

Cheng, Z., Hsu, T. J., & Calantoni, J. (2017). SedFoam: A multi-dimensional Eulerian
two-phase model for sediment transport and its application to momentary bed
failure. Coastal Engineering, 119, 32-50.

Chou, Y. J., & Fringer, O. B. (2010). A model for the simulation of coupled flow-bed
form evolution in turbulent flows. Journal of Geophysical Research: Oceans,
115(C10).

Clifton, H. E., & Dingler, J. R. (1984). Wave-formed structures and
paleoenvironmental reconstruction. Marine Geology, 60(1-4), 165-198.

Clifton, H. E. (1976), Wave-formed sedimentary structures: A conceptual model, in
Beach and Nearshore Sedimentation, Spec. Publ. 24, edited by R. A. Davis Jr.
and R. L. Ethington, pp. 126148, Soc. for Sediment. Geol., Tulsa, Okla.

Crowe, C. T., Schwarzkopf, J. D., Sommerfeld, M., & Tsuji, Y. (2011). Multiphase
flows with droplets and particles. CRC press.

Darwin, G. H. (1883). I. On the formation of ripple-mark in sand. Proceedings of the
Royal Society of London, 36(228-231), 18-43.

Dimas, A. A., & Leftheriotis, G. A. (2019). Mobility parameter and sand grain size
effect on sediment transport over vortex ripples in the orbital regime. Journal
of Geophysical Research: Earth Surface, 124(1), 2-20.

Ding, J., & Gidaspow, D. (1990). A bubbling fluidization model using kinetic theory
of granular flow. AIChE journal, 36(4), 523-538.

91



Dong, P., & Zhang, K. (1999). Two-phase flow modelling of sediment motions in
oscillatory sheet flow. Coastal Engineering, 36(2), 87-109.

Drake, T. G., & Calantoni, J. (2001). Discrete particle model for sheet flow sediment
transport in the nearshore. Journal of Geophysical Research: Oceans, 106(C9),
19859-19868.

Drew, D. A., & Lahey Jr, R. T. (1987). The virtual mass and lift force on a sphere in
rotating and straining inviscid flow. International Journal of Multiphase Flow,
13(1), 113-121.

Earnshaw, H. C., & Greated, C. A. (1998). Dynamics of ripple bed vortices.
Experiments in Fluids, 25(3), 265-275.

Eidsvik, K. J. (2004). Some contributions to the uncertainty of sediment transport
predictions. Continental Shelf Research, 24(6), 739-754.

Einstein, H. A., & El-Samni, E. S. A. (1949). Hydrodynamic forces on a rough wall.
Reviews of modern physics, 21(3), 520.

Fernandez Luque, R., & Van Beek, R. (1976). Erosion and transport of bed-load
sediment. Journal of hydraulic research, 14(2), 127-144.

Finn, J. R., Li, M., & Apte, S. V. (2016). Particle based modelling and simulation of
natural sand dynamics in the wave bottom boundary layer. Journal of Fluid
Mechanics, 796, 340-385.

Fredsee, J., Andersen, K. H., & Sumer, B. M. (1999). Wave plus current over a ripple-
covered bed. Coastal Engineering, 38(4), 177-221.

Hansen, E. A., Fredsge, J., & Deigaard, R. (1994). Distribution of suspended sediment
over wave-generated ripples. Journal of Waterway, Port, Coastal, and Ocean
Engineering, 120(1), 37-55.

Hsu, T. J., Jenkins, J. T., & Liu, P. L. F. (2004). On two-phase sediment transport:
sheet flow of massive particles. Proceedings of the Royal Society of London.
Series A: Mathematical, Physical and Engineering Sciences, 460(2048), 2223-
2250.

Hurther, D., & Thorne, P. D. (2011). Suspension and near - bed load sediment
transport processes above a migrating, sand - rippled bed under shoaling
waves. Journal of Geophysical Research: Oceans, 116(C7).

92



Jang, J. H., Ho, H. Y., & Yen, C. L. (2011). Effects of lifting force on bed topography
and bed-surface sediment size in channel bend. Journal of Hydraulic
Engineering, 137(9), 911-920.

Jha, S. K., & Bombardelli, F. A. (2010). Toward two-phase flow modeling of
nondilute sediment transport in open channels. Journal of Geophysical
Research: Earth Surface, 115(F3).

Johnson, P. C., Nott, P., & Jackson, R. (1990). Frictional—collisional equations of
motion for participate flows and their application to chutes. Journal of fluid
mechanics, 210, 501-535.

Kolev, N. I. (2005). Multiphase flow dynamics (Vol. 1). New York, Heidelberg, Berlin:
Springer.

Li, L., & Sawamoto, M. (1995). Multi-phase model on sediment transport in sheet-
flow regime under oscillatory flow. Coastal Engineering in Japan, 38(2), 157-
178.

Li, M., Pan, S., & O'Connor, B. A. (2008). A two-phase numerical model for sediment
transport prediction under oscillatory sheet flows. Coastal Engineering, 55(12),
1159-1173.

Longuet-Higgins, M. S. (1981). Oscillating flow over steep sand ripples. Journal of
Fluid Mechanics, 107, 1-35.

Magnaudet, J., Rivero, M., & Fabre, J. (1995). Accelerated flows past a rigid sphere or
a spherical bubble. Part 1. Steady straining flow. Journal of fluid mechanics,
284, 97-135.

Malarkey, J., & Davies, A. G. (2002). Discrete vortex modelling of oscillatory flow
over ripples. Applied Ocean Research, 24(3), 127-145.

Marieu, V., Bonneton, P., Foster, D. L., & Ardhuin, F. (2008). Modeling of vortex
ripple morphodynamics. Journal of Geophysical Research: Oceans, 113(C9).

Mathieu, A., Chauchat, J., Bonamy, C., & Nagel, T. (2019). Two-phase flow
simulation of tunnel and lee-wake erosion of scour below a submarine pipeline.
Water, 11(8), 1727.

Menter, F. (1993, July). Zonal two equation kw turbulence models for aerodynamic

flows. In 23rd fluid dynamics, plasmadynamics, and lasers conference (p.
2906).

93



Miller, M. C., & Komar, P. D. (1980). Oscillation sand ripples generated by laboratory
apparatus. Journal of Sedimentary Research, 50(1), 173-182.

Mogridge, G. R., Davies, M. H., & Willis, D. H. (1994). Geometry prediction for
wave-generated bedforms. Coastal Engineering, 22(3-4), 255-286.

Nagel, T., Chauchat, J., Bonamy, C., Liu, X., Cheng, Z., & Hsu, T. J. (2020). Three-
dimensional scour simulations with a two-phase flow model. Advances in
Water Resources, 138, 103544.

Nichols, C. S., & Foster, D. L. (2007). Full-scale observations of wave-induced vortex
generation over a rippled bed. Journal of Geophysical Research: Oceans,
112(C10).

Nielsen, P. (1981). Dynamics and geometry of wave - generated ripples. Journal of
Geophysical Research: Oceans, 86(C7), 6467-6472.

Nielsen, P. (1986). Suspended sediment concentrations under waves. Coastal
Engineering, 10(1), 23-31.

O'Donoghue, T., & Wright, S. (2004). Flow tunnel measurements of velocities and
sand flux in oscillatory sheet flow for well-sorted and graded sands. Coastal
Engineering, 51(11-12), 1163-1184.

O'Donoghue, T., Doucette, J. S., van der Werf, J. J., & Ribberink, J. S. (2006). The
dimensions of sand ripples in full-scale oscillatory flows. Coastal Engineering,
53(12), 997-1012.

Pedocchi, F., & Garcia, M. H. (2009). Ripple morphology under oscillatory flow: 1.
Prediction. Journal of Geophysical Research: Oceans, 114(C12).

Roulund, A., Sumer, B. M., Fredsge, J., & Michelsen, J. (2005). Numerical and
experimental investigation of flow and scour around a circular pile. Journal of
Fluid Mechanics, 534, 351.

Salimi Tarazouj, A., Hsu, T.-J., Traykovski, P., Cheng, Z., & Chauchat, J. (2020). A
numerical study of onshore ripple migration using a Eulerian two-phase model.
Journal of Geophysical Research: Oceans, n/a(n/a), e2020JC016773.

Jespersen, T. S., Thomassen, J. Q., Andersen, A., & Bohr, T. (2004). Vortex dynamics
around a solid ripple in an oscillatory flow. The European Physical Journal B-
Condensed Matter and Complex Systems, 38(1), 127-138.

94



Sato, S. (1987). Oscillatory boundary flow and sand movement over ripples (Doctoral
dissertation, Ph. D. thesis, University of Tokyo, Tokyo, Japan).

Scandura, P., Vittori, G., & Blondeaux, P. (2000). Three-dimensional oscillatory flow
over steep ripples. Journal of Fluid Mechanics, 412, 355-378.

Schaeffer, D. G. (1987). Instability in the evolution equations describing
incompressible granular flow. Journal of differential equations, 66(1), 19-50.

Tjerry, S. (1996). Morphological calculation of dunes in alluvial rivers.

Traykovski, P., Hay, A. E., Irish, J. D., & Lynch, J. F. (1999). Geometry, migration,
and evolution of wave orbital ripples at LEO-15. Journal of Geophysical
Research: Oceans, 104(C1), 1505-1524.

Tsujimoto, G., Hayakawa, N., Ichiyama, M., Fukushima, Y., & Nakamura, Y. (1991).
A study on suspended sediment concentration and sediment transport

mechanism over rippled sand bed using a turbulence model. Coastal
Engineering in Japan, 34(2), 177-189.

van der Werf, J. J., Magar, V., Malarkey, J., Guizien, K., & O’Donoghue, T. (2008).
2DV modelling of sediment transport processes over full-scale ripples in
regular asymmetric oscillatory flow. Continental Shelf Research, 28(8), 1040-
1056.

van der Werf, J. J., Doucette, J. S., O'Donoghue, T., & Ribberink, J. S. (2007).
Detailed measurements of velocities and suspended sand concentrations over
full-scale ripples in regular oscillatory flow. Journal of Geophysical Research:
Earth Surface, 112(F2).

Wiberg, P. L., & Harris, C. K. (1994). Ripple geometry in wave - dominated
environments. Journal of Geophysical Research: Oceans, 99(C1), 775-789.

Wilcox, D. C. (2008). Formulation of the %" ' turbulence model revisited. AIAA
journal, 46(11), 2823-2838.

Yuan, J., & Wang, D. (2019). An Experimental Investigation of Acceleration -
Skewed Oscillatory Flow Over Vortex Ripples. Journal of Geophysical
Research: Oceans, 124(12), 9620-9643.

Zedler, E. A., & Street, R. L. (2006). Sediment transport over ripples in oscillatory
flow. Journal of Hydraulic Engineering, 132(2), 180-193.

95



Zheng, Z. C., Zou, X., Yang, X., & Cheng, H. (2011, January). Simulation of effects
of the Saffman force and the Magnus force on sand saltation in turbulent flow.
In ASME International Mechanical Engineering Congress and Exposition (Vol.
54921, pp. 501-506).

Zhou, J., Adrian, R. J., Balachandar, S., & Kendall, T. M. (1999). Mechanisms for

generating coherent packets of hairpin vortices in channel flow. Journal of
fluid mechanics, 387, 353-396.

96



