
doi:10.6342/NTU202204196

國立臺灣大學理學院海洋研究所

碩士論文

Institute of Oceanography

College of Science

National Taiwan University

Master Thesis

馬丹妮

Danielle L. Manalaysay

指導教授: 曾于恒博士

Advisor: Yu­Heng Tseng Ph.D.

中華民國 111年 9月

September, 2022

使用二相歐拉-拉格朗日模式模擬泥沙在沙
紋上的傳輸

Simulation  of  Sediment  Transport  over  Ripple
using  Two­Phase  Euler  Lagrange  Model

http://dx.doi.org/10.6342/NTU202204196




Acknowledgements

“When  I  meet  God,  I’m  going  to  ask

  him  two  questions:  why  relativity?

  And  why  turbulence?  I  really  believe

  he’ll  have  an  answer  for  the  first.＂

Werner  Heisenberg

  This  study  will  not  be  possible  without  Prof.  Tseng’s  gracious  support,  and  patience

towards  me.  I  am  also  very  grateful  to  Prof.  Chou  ­  thank  you  for  your  inputs,  guidance,

and  encouragement  on  pursuing  this  topic.  I  highly  appreciate  Dr.  Kuo  as  well,  for  his

inputs  during  my  oral  defense.

  Thank  you  CODA  peeps  ­  Penny,  Luna,  Vivi,  Yichun,  Vincent  Brian,  Sam,  and

Jenny!  Thank  you  for  keeping  me  sane,  translating  the  documents,  and  making  sure  I

know  the  process.  I  appreciate  you  all!  May  we  have  more  milestones  to  celebrate  and

cake  to  eat!  Haha.  My  thesis  writing  journey  in  this  foreign  country  have  its  challenges,

but  I  praise  God  for  my  friends  back  home,  who  still  keep  are  constant  support  system  ­

Ate  Eunice,  Isachar,  Ate  Crista,  Ate  Olive,  and  Ate  Lea.  I  am  beyond  bless  to  have  you

as  friends.  I  am  grateful  as  well  to  my  spiritual  family  here  in  Taipei,  Every  Nation  fam

thank  you  so  much  especially  to  Jialin,  Kevin,  Susana,  Priscilla,  Rona,  Teri,  Lyn,  Rich­

mond,  Josm,  Maynard  John,  and  so  much  more  who  I  know  prayed  and  rooted  for  me.

ii                         doi:10.6342/NTU202204196

http://dx.doi.org/10.6342/NTU202204196


doi:10.6342/NTU202204196

And of course I will not be here if not for my family, Mama, Papa, Mico and Ate Camille

­ I love you! Aica, Erin and Thirdy, can’t wait to hug and play with you all again!

I am grateful to this journey ’cause it brought me close to God, I saw and experience

how amazing He is. I am excited to do more science and see how our can our limited

capacity can capture the beauty and mysteries of His immense complex creation. May I

always be humble and be in awe of His Glory. To Him be the all the praise!

iii

http://dx.doi.org/10.6342/NTU202204196


doi:10.6342/NTU202204196

Abstract

Ripple indicators remain to be a major limitation of large­scale hydrodynamic mod­

elling in coastal environments due to the lack of appropriate validation and direct measure­

ment of near­bed dynamics. This limitation can be overcome with improved small­scale

process models that can capture fluid­particle interactions and near­bed dynamics over the

ripples. Here, we simulate the sediment transport over ripples induced by an oscillatory

flow using a two­phase Euler­Lagrange model. The vortex ripple dimension, oscillatory

flow condition, and sediment grain information are obtained from a wave­tunnel labora­

tory experiment. The two­phase model can well simulate the key patterns of observed

oscillatory velocity flow field over a vortex ripple. Particularly, the weaker vortex can be

found on the stoss side as compared to the stronger vortex on the lee side during reversals

of the oscillatory flow that were ahead of the free­stream velocity. Sensitivity tests of

three different sediment grain diameters (0.35mm, 0.44mm and 0.53 mm) are compared

to examine the feedback of sediments particles with varying grain sizes. Our simulation
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results  showed  that  finer  sediment  particles  (0.35  mm  and  0.44  mm)  have  higher  particle

motion  and  entrainment  that  enhanced  the  local  vortex  formation  but  neither  high  enough

to  alter  the  oscillatory  flow  nor  enhance  the  turbulent  kinetic  energy.  On  the  other  hand,

coarser  sediment  (0.53  mm)  have  lesser  particle  motion  and  entrainment  but  induced  con­

stant  inter­phase  drag  that  increasingly  enhanced  the  turbulent  kinetic  energy  of  the  os­

cillatory  flow.  Our  results  showed  that  different  sediment  grain  size  could  have  different

drag  contribution  to  the  energy  budget  of  an  oscillatory  flow.

Keywords:  ripple, oscillatory flow, particles,  sediment  transport, numerical simulation
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Chapter 1 Introduction

1.1 Coastal Sediment Transport

There has been an increasing man­made offshore activity world wide, including Tai­

wan. With its goal of achieving sustainable renewable energy, the Taiwan government has

leased an area in Greater Chunghua on the western side of the country for offshore wind

farm development. As offshore wind farm developers come to the country, one of the vital

concern is the present sea bed condition and how will it be affected during the extreme

condition, such as typhoons which occur commonly in the western North Pacific. Several

vital concerns such the seabed current condition and seabed projection on extreme event

has to be addressed.

To answer these concerns, geomorphological solutions such as coastal sediment trans­

port modeling could be performed. However, coastal sediment transport modeling is still

intrinsically empirical as involves complex sub­grid processes, such as near­bed hydrody­

namics and turbulent sediment particle interaction, that are not yet well understood or fully

resolved (Amoudry and Souza, 2011). These processes are then carefully parameterized

on the bottom boundary layer (BBL), usually in O(10m) of thick, of coastal hydrodynamic

models. The BBL formulation is important as it determines the bottom stress used in sed­

iment transport rates. The formulation can be either simple drag­coefficient routines or

1
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more complex routines that accounts the wave­current interaction (e.g., Styles and Glenn,

2000; Mellor, 2002; Soulsby and Damgaard, 2005) and bedform roughness (e.g., Grant

and Madsen, 1982; Nielsen, 1986; Li and Amos, 2001; Van Rijn, 2007). However, a

study by Warner et al. (2008) points out that although the differences in approach among

the more complex BBL routines are small, they can produce significantly different results.

Likewise, there is precaution on using constant roughness indicator as it could overesti­

mate sediment­transport values and is only recommended for preliminary baseline studies

(Brakenhoff et al., 2020). Thus, although regional ocean models have included a great

deal of detail to describe sediment transport, there is still a need to further pursue stud­

ies of sediment grain size effect on both numerical and experimental, to achieve a better

parameterization and accuracy.

1.2 Ripples and Small Scale Sediment Transport Studies

When bedforms are present, additional drag constitutes to the bottom stress that af­

fects hydrodynamics and sediment transport (Van Rijn, 2007; Cherlet et al., 2007). Rip­

ples are one of the common bedforms in coastal environment, formed by interaction of

non­cohesive sediment particles with either unidirectional currents (Richards, 1980) or by

the wave­driven oscillatory flow (Blondeaux, 1990). Ripples are characterized by ripple

width, λ, of O(0.1) and ripple height, η, O(0.01) and are ubiquitous in coastal environment

even in Taiwan (Liao and Yu, 2005; Liao et al., 2008; Zhou et al., 2018).

Direct observation of ripples on field is still difficult that is why efforts have been

poured in to large­scale laboratory experiments to carry out ripples in par on what is on

field ­ such as by O’Donoghue et al. (2006), van der Werf et al. (2007), and Yuan and

2
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Wang (2019). These detailed measurements were used to validate numerical simulations

of sediment transport (e.g., van der Werf et al., 2008; Harris and Grilli, 2014; Chen and

Yu, 2015), particle interaction (Finn et al., 2016), sediment grain size effect (Dimas and

Leftheriotis, 2019), and sand migration (Salimi­Tarazouj et al., 2021). With increasing

computation power over the recent years, Finn et al. (2016) were able to carry out two­

phase point­particle model to simulate the near­bed particle­particle interaction on a vor­

tex ripple with high fidelity. Particularly, their results showed near­bed oscillatory flow in

ripples are effective in sorting and segregating particle size, with coarser particles resting

above the finer particles. Therefore, there is low particle motion with the coarse particles

on the surface of the ripple, while the finer particle have an armouring mechanism that

impedes vertical particle motion, and thus only during the highest energetic phase of os­

cillatory flow can suspend substantial amount of particles. However, the authors pointed

out that the unrealistic soft restitution coefficients adopted to account particle collision

on their model may lead to underestimation of energy induced by larger particles. Thus,

further studies are needed to investigate how large particles may contribute to the energy

of an oscillatory flow that can be applied to coastal environments as fully resolved infor­

mation on such large particle regime are still limited on solid­gas systems (e.g., Tenneti

et al., 2011; Tang et al., 2014).

1.3 Objective of Our Study

To have a better understanding of how the sediment grain size and bedform affect

turbulent oscillatory flow, we extended the numerical study of Chou and Shao (2016) in

investigating the particle size drag contribution to the energy budget by considering larger

particles and different flow scenario compared to their experiment setup. Our objective

3
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is to compare effect of different larger grain sizes (0.35 mm, 0.44 mm and 0.53 mm) on

an oscillatory flow over ripple from a two­phase Euler­Lagrange model. Particularly, we

present the simulation results of the sediment particles interacting with oscillatory flow

field over space and time. Finally, adopting the energy budget calculation of Chou and

Shao (2016), we discuss how the different grain sizes could have different particle motion

and interphase drag that could contribute to the turbulent kinetic energy of the oscillatory

flow.

4
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Chapter 2 Methodology

2.1 Two­phase Euler­Lagrange Model

The two­phase Euler­Lagrangemodel used in this study was developed by Chou et al.

(2015). The momentum equation of a sediment solid particle is as follows,

msed
dused
dt

= msed

|ucont|sed − used|
τsed

+ (msed −mflo)g (2.1)

where m is the mass, with subscripts sed and flo, for the sediment phase and fluid phase

respectively, used, is the velocity of the sediment particle, ucont|sed is the velocity of the

continuum phase evaluated at the location of the sediment particle, and g is the gravita­

tional acceleration. The sediment relaxation time, τsed, can be obtained by, Schiller and

Naumann (1935)

τsed = s
D2

sed

18v
(1 + 15Re0.687)−1, (2.2)

in which s = ρ /ρo is the density ratio of sediment and fluid phases, Dsed is the sediment

diameter, v is the kinematic viscosity, and Re is the sediment Reynolds number,

Re =
|ucont|sed − used|Dsed

v
≤ 800. (2.3)

5
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On the other hand, the momentum equation for the continuous fluid phase is described as

∂u
∂t

+ u · ∇u = − 1

ρo
∇P + v∇2u+ f (2.4)

where u is the three dimensional velocity field of the fluid phase and P is the hydrody­

namic pressure. The forcing term, f, is the total sediment drag acting on the fluid,

f = −s

Nsed∑
m=1

ϕsed

|u|sed,m − used,m|
τsed,m

(2.5)

where Nsed is the total number of particles in the control volume, and ϕsed is the volume

fraction of a single sediment.

In this study, we assume the sediments have zero inertia, wherein the sediment drag

is in equilibrium with the gravitational force, giving sediment velocity,

used = ucont|sed + τsedg′ = ucont|sed − wsê3, (2.6)

where ê3 is the unit in the vertical direction, g′ = (1 − 1/s)g is the reduced gravity for a

single sediment, and ws is the settling speed. With this assumption, the sediment forcing

on Eq.2.5 can be written, in equilibrium, as

feq = sNsedϕsedg′ = sϕsedg′ (2.7)

Thus, the momentum equation for continuous fluid in equilibrium is

∂u
∂t

+ u · ∇u = − 1

ρo
∇P + v∇2uc + sϕsedg′, (2.8)

The buoyant force is equal to the feedback force of the particles equilibrium to the fluid

6
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phase.

2.2 Numerical Scheme

The two­phase Euler­Lagrange model is coupled with a particle moving algorithm

in this study based on the Computational Fluid Dynamics (CFD) code originally devel­

oped by Zang (1994). All spatial derivatives except convective terms are discretized with

second­order central differences; the convective terms, on the other hand, are discretized

using QUICK. For time advancement, Crank–Nicholson is used for the diagonal vis­

cous term, while the 2nd order Runge­Kutta method is used for all others. The momen­

tum equation is advanced such that the calculated divergence­free velocity field each time

step is corrected by the predicted velocity with the pressure gradient based on a fraction­

step method. Parallelization is achieved via message parsing interface by Cui (1999).

The present numerical model has been applied to study the particle­induced Rayleigh­

Taylor instability, double­diffusive sedimentation and point­force representation for fine

suspended particles ((Chou et al., 2015; Chou and Shao, 2016)).

2.3 Simulation Setup

2.3.1 Ripple Laboratory Experiment: Mr5b63

The ripple dimension, flow conditions and sediment particle information considered

in this study are obtained from the measurement of the｀Mr5b63＇controlled­experiment

performed by van der Werf et al. (2007). The facility used for the experiment is a closed­

loop piston­driven oscillatory flow tunnel which includes provided phase resolved fluid

7
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flow and sediment concentration observation results. The resulting quasi­steady full­scale

ripple dimension from the ’Mr5b63’ experiment has a ripple height, η = 0.076 m, and

ripple length, λ=0.41 m, thus gives ripple ratio, η/λ= 0.19, as shown on the Figure 2.1.

2.3.2 Flow Settings

The oscillatory fluid velocity u(t) implemented in our study is from the following

expression,

u(t) = u1ωcos(ωt− γ) + u2ωcos(2ωt− 2γ) (2.9)

where u1 and u2, are the first and second harmonic flow velocity amplitudes (0.54 m/s

and 0.09 m/s, respectively), ω = 2π/T is the angular velocity , T = 5s is the flow period.

The phase shift γ is included to satisfy u(0) = 0,

γ = cos−1(

√
u21 + 8u22 − u1

4u2
) (2.10)

The flow velocity u(t) is shown in Figure 2.1, u1 and u2 were set so that the maximum

velocity umax ≈ 0.63 m/s. The velocity asymmetry R = (u1 + u2)/2u1 ≈ 0.6, with

maximum onshore velocity is achieved at t/T ≈ 0.22, while maximum offshore velocity

is achieved at t/T ≈ 0.72. The flow reversal occurs t/T ≈ 0.48 The root­mean­square

orbital velocity, urms =
√

0.5u21 + 0.5u22 provides orbital amplitude, ao =
√
2urms ≈

0.44 m/s Positive values of u(t) corresponds to ’onshore’ flow and negative values to

’offshore’ flow. With generalized coordinate system used in the EL model, the boundaries

on the streamwise (x) and spanwise (z) directions are periodic, while the bottom boundary

(y) have a no­slip condition.

8
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2.3.3 Spatial and Temporal Settings

The domain length, Lx , is set to 4 λ = 1.64m , to avoid the effect of the periodicity

near the boundary; the domain width, Lz, is set to λ = 0.41 m and the domain height,

Lz, is set to ≈ 8.3η = 0.6m . Grid size Ni x Nj x Nk = 960 x 192 x 240, corresponds

to resolution ∆x = ∆ z = 1.7 x 10−3mm. The vertical resolution is 0.0011mm ≤ ∆y ≤

0.0074 mm due to the stretching ratio∆yk+1/∆yk = 1.01.. Total core processors used for

simulation is 1200, due to following the grid decomposition: px x py x pz = 20 x 15 x 5.

All simulation was ran for 8 flow periods with a time step of ∆t = 4x10−4s when

sediment particles are not present. Otherwise the time step,∆t = 5x10−5s when sediment

particles are present. The details of the simulated experiment cases are discussed in the

next section.

2.3.4 Experiment Cases

There are 4 experiment cases presented in this study: control (no sediment), 0.35

mm, 0.44 mm and 0.53 mm. The control case is served as the baseline simulation to

compare with the other three sensitivity cases. Sediment particles are initiated after the

fourth oscillatory period. Three different sediment particles (diameters: 0.35 mm, 0.44

mm and 0.53 mm) are introduced at the bottom­most grid Nj = 1, at z = 0.15m–0.25m,

x = 0.5 ­ 0.9 m (Figure 2.4). Same particle volume fraction per grid is initialized for these

simulation cases. In such condition, the 0.35 mm case has greatest number of particles per

grid,Ngrid = 143, corresponding total number of particlesNsed = 1,940,796. The 0.44 mm

case hasNgrid = 72, thus corresponding to total of number of sediments ofNsed = 977,184.

The 0.53 mm case hasNgrid = 41, thus corresponding total of number of sediments ofNsed
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= 556,452. Including more particles per grid requires more computational time. Table 2.1

summarizes the setup of these experiment cases.

The results of the simulation presented here is from x(m) = 0.3025 to 1.1325, ripple

width long. The horizontal x­axis is normalized by the ripple length and vertical y­axis is

normalized by ripple height. All of the flow field results are span­wise­average over the

z­axis over the last oscillatory period of the simulation, unless otherwise mentioned.

10
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Oscillatory Flow Period

Figure 2.1: Positive values u(t) correspond to onshore flow while negative values of u(t)
correspond to offshore directed

Ripple Dimension from Mr5b63

Figure 2.2: Ripple width λ = 0.41 m and ripple height η = 0.076 m
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Simulation Domain

Figure 2.3: Lx x Ly x Lz = 1.64 m x 0.6 m x 0.41 m

Sediment Initialization

Figure 2.4: Sediments particles were initialized between x= 0.5 and 0.9
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Table 2.1: Overview of all 4 experiment cases: Sediment diameter size dsed,
Relaxation time τsed, Number of particles per grid Ngrid, Total number of particle
Nsed, Total simulation time CPUtime

Case dsed (mm) τsed(s) Ngrid Nsed CPUtime(hrs)
Control n/a n/a n/a n/a 18.25
0.35 mm 0.35 0.018 143 1,940,796 140.31
0.44 mm 0.44 0.029 72 977,184 96.18
0.53 mm 0.53 0.041 41 556,452 57.77
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Chapter 3 Results

3.1 Validation

The baseline simulation achieved a quasi­steady periodic solution quickly after the

first oscillatory cycle, as seen in the spatially averaged wall­shear stress, τb

τb = −µ
∂U

∂y
(3.1)

The time series of the computed spatially averaged wall shear stress in the stream­wise

direction of the base case simulation is shown in Figure 3.1. The known vortex formation–

ejection process, reported various studies (e.g., Sleath, 1982; Blondeaux and Vittori, 1991;

Zedler et al., 2006; Chen and Yu, 2015; Salimi­Tarazouj et al., 2021) is captured by our

simulation as shown in Figure 3.2. The vortex is formed due to flow separation at the

ripple crest during the maximum offshore flow, that grows into the lee side during the

onshore deceleration (t = 0.48 T) and its ejection during flow reversal (t = 0.52 T).
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3.2 Time Dependent Results

3.2.1 Control Case: Flow Velocity

The time dependent flow velocity from the control experiment (Figure 3.4) showed

good agreement with the experiment (Figure 3.3). In these figures, eight key flow pat­

terns are shown, representing the different flow states within a cycle : (A) off­onshore

flow reversal; (B) free stream is accelerating onshore; (C) maximum onshore free stream

velocity; (D) onshore free stream velocity deceleration; (E) on­offshore flow reversal; (F)

free stream acceleration offshore; (G) maximum offshore free stream velocity; and (H)

offshore free­stream velocity deceleration.

Overall the simulated results in this study were in good comparison to the general

velocity flow patterns. However there is a lag in the temporal flow reversals as compared

to the measured results which was observed on other simulation work (Finn et al. (2016)).

Even without the sediment particle the simulated velocity flow was able to capture the

weaker vortex on the stoss side during off­onshore flow reversal (A) as compared to the

stronger vortex on the lee side during the on­offshore flow reversal (E). However, during

flow reversals (A and E), the free stream velocity, above y/η ≥ 1 is not completely zero as

compared to the measured results. During the acceleration of free stream velocity onshore

(B) and offshore (F) have high jet flow over the crest that extends towards the ripple trough

due to the coherent ejection of the stoss ­ and lee ­ side vortices is weaker with the absence

of sediment particles in the base case simulation. Likewise, deceleration of velocities

towards the slope direction during acceleration of flow­phase (B and F), rather the flow

constant from free stream until the bed. During the maximum free stream onshore (C) and
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offshore (G), flow separation near the ripple flank in the direction of the flow are present

in the simulation but not as high in the measured results. At time of free stream velocity

deceleration (D and H), high velocity in the crest are no longer seen, and flow reversal

happened at the ripple surface in the [lee , stoss] formed into a distinct vortex formation.

The height of flow separation during the onshore free stream velocity deceleration (D)

reaches up to ≈ 0.5y/η while the offshore free stream velocity deceleration (H) reaches

to ≈ 0.2y/η only.

3.2.2 Case with Sediments: Instantaneous Sediments distribution

Here we present in Figure 3.5 to Figure 3.7, the time­dependent result on simula­

tion cases with sediment particles introduced on the same condition as the control case

described above. The top most panel for all the figures is the instantaneous plot after the

initialization at (t/T = 0.02) while the succeeding plots are the instantaneous plots at the

end of each oscillatory flow period. Regardless of the flow direction, for 0.35 mm and

0.44 mm cases ­ finer sediments with smaller particle relaxation time ­ the particle moved

down the ripple slopes with the high accumulation at ripple trough x/λ = ±0.5. At the

end of the simulation at t/T = 4, of the 0.35 mm and 0.44 mm case shown Figure 3.5

and Figure 3.5 respectively, we can see the sediment accumulation at the ripple trough

expanding up to z/η=±0.25. However for 0.53 mm case ­ coarser sediments with larger

particle relaxation time, the motion is rather slow. Figure 3.7 shows at the end of each

oscillatory period the particle volume fraction have an the same distribution as t/T = 2,

indication of no significant particle motion.
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3.2.3 Case with Sediments: Span­wise Summation of Sediments Dis­

tribution

To give more insight on the sediment particle motion during an oscillatory flow, Fig­

ure 3.9 shows the span­wise total particle volume fraction for all the cases on the last

oscillatory period. Consistent with the previous section the 0.35 mm and 0.44 mm cases

have low volume fraction at the vortex ripple where the sediment particles where initial­

ized as it moved down the slope and accumulated at the ripple troughs. Although the

general trend of the motion particles are moving down the slope, there are some sediment

particles entrained that followed the oscillatory flow. There are sediment going onshore,

on to the right flank of the the adjacent vortex ripple x/λ > 0.5, as seen on Figure 3.9 A to

D. Likewise there are sediments going offshore, on to the left flank of the adjacent vortex

ripple, x/λ = < ­0.5 as seen on Figure 3.9 E to F. On the other hand 0.53 mm case seem

undisturbed by the flow, maintaining the value of throughout the oscillatory period.

3.2.4 Case with Sediments: Flow Field Difference

How does the this affect the oscillatory flow? The time­dependent feedback of the

sediment presence to the oscillatory flow is shown Figure 3.10 to Figure 3.12. These

figures show the flow field difference of cases with the sediments and control case during

the last flow period. For 0.35mm and 0.44mm cases the sediment behavior is similar, thus

the effect on the flow is similar as well, and the details are as follow: During the (A) off­

onshore flow reversal, , there is circulation cell formed at stoss slope x/λ = ­ 0.25, going

onshore to the ripple crest as the onshore flow accelerates (B). This circulation cell is no

longer seen at the maximum onshore flow (C) for both cases. During onshore free stream
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velocity deceleration (D) there is stronger circulation cell being formed at the ripple trough

that is continuously seen during on­offshore flow reversal and (F) free stream acceleration

offshore. This circulation cell is washed away during the (G) maximum offshore free

stream velocity; and (H) offshore free­stream velocity deceleration.

For the 0.53 mm case, since the sediment particles are closely packed through out

the oscillatory flow, it affected the flow more as seen on Figure 3.12. During the (A) off­

onshore flow reversal, there is an offshore flow on the lee slope surface of the adjacent

vortex ripple on the left up to x/λ = ­0.75 and onshore flow up to the crest of adjacent

vortex ripple on the right up x/λ = 1. These offshore and onshore flow on the ripple

surface continues to move to the right as the (B) free stream is accelerating onshore and

and seen mostly on the stoss slopes during the (C) maximum onshore free stream velocity.

During the (D) onshore free stream velocity deceleration the formation of the circulation

cell on the ripple trough and ejected over the lee slope during (E) on­offshore flow reversal

and (F) free stream acceleration offshore, but there is still a continues onshore flow on the

lee slope and offshore flow on the stoss slope. During the (G) maximum offshore free

stream velocity there is an onshore flow on the x/λ >0 the surface. This onshore flow

increased in height up to y/η = 0.5 during (H) offshore free­stream velocity deceleration.

3.3 Time­Averaged Results

Figure 3.12 shows the period­mean flow velocities over the last oscillatory, where the

mean free stream velocity is onshore directed but, at a ripple length above the crest at y/η

= 1, the mean flow field is offshore directed with onshore directed. In comparison to the of

Mr5b63 experiment, our results can produce the observed asymmetric steady circulation
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cells with high offshore mean flow up the lee slope and lower onshore mean flow up the

stoss slope. Since the measured velocities on Mr5b63 are of sediment particles, van der

Werf et al. (2007) claims it includes additional vertical velocities due to the sediment

particles settling. This might be the reason the how our simulation cases under­estimated

the vertical component on the resulting mean flow due to the absence of sediment particles

in the control experiment.

However, even with the presence of sediments particles settling down the slope the

mean flow of the 0.35 mm and 0.44 mm cases shows similar mean flow feature to the

control case. This may due to the sediments limited area the sediment particles were

distributed. By taking the mean flow of from z = 0.205m, the mean flow of this area

showed that the circulation cells were higher on the stoss slope, upto x/λ = ­ 0.25 and 0

for the 0.35 mm and 0.44 mm case. On the other hand the presence on 0.53 mm on the the

cycle mean flow field showed a different flow pattern among the other simulation cases.

The mean flow on stoss slope have a rather offshore directed flow while the mean flow

on lee slope have a rather onshore directed flow. This onshore flow on lee slope surface

extended until adjacent stoss slope at x/λ = > 0.5, causing the known onshore circulation

cell at stoss slope be lifted y/η = 0.25 higher.

To further verify how the presence of sediment particles influence the flow we took

the turbulent kinetic energy at z = 0.205m for all experiment cases, as shown on Figure

3.12. The TKE for all cases is evident below the ripple crest, at y/η < 0. For the control

case, there is high TKE near the surface of lee slope at x/λ = 0.25, which is due to the

vortex­formation as shown on Figure 3.2. This high TKE on the lee side is further enhance

with the presence of 0.35 mm and 0.44 mm sediments. As for the 0.44 mm case, the TKE

is enhance up to the ripple trough at x/λ = 0.5. Consistently from the previous figues,
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the 0.53 case showed the most varied result among all cases, as the presence of sediments

at x/λ = ­ 0.5 to 0.5, provided a consistent drag force to the oscillatory flow that further

enhanced the TKE up to the adjacent ripple, from x/λ = ­1 to 1.
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Wall Stress

Figure 3.1: Time series of spanwise­average wall stress in the stream­wise direction. After
one period the simulation reached quasi­steady solution.

Coherent Vortex Formation and Ejection

Figure 3.2: Snapshot of the instantaneous span­wise averaged vorticity on the first cycle.
The formation of the vortex started at the lee slope at the end of the onshore flow t = 0.48T
and the ejection to the crest happened flow reversal t = 0.52 T.
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Flow fields of the Mr5b63 laboratory experiment

Figure 3.3: Flow field results of Mr5b63 laboratory experiment: Screenshot of Figure 1
on van der Werf et al. (2007). Top most panel is the calculated free­stream velocity, the
letters corresponds to the t/T where following oscillatory velocity ­ flow feature occurs:
(A) off­onshore flow reversal; (B) free stream is accelerating onshore; (C) maximum on­
shore free­stream velocity; (D) onshore free­stream velocity deceleration; (E) on­offshore
flow reversal; (F) free stream acceleration offshore; (G) maximum offshore free stream
velocity; and (H) offshore free­stream velocity deceleration.
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Flow Field of the Control Case (No Sediments) Simulation

Figure 3.4: Top most panel is the calculated free­stream velocity with the letters (A) to
(H) that corresponds to the approximate time of 8 flow features described in Figure3.3.
Panels (A) to (H) are the flow field results of the control case (no sediment) simulations.
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Instantaneous Particle Volume Fraction for 0.35 mm case

Figure 3.5: All panels are the top view of the particle volume fraction for 0.35 mm case
at five instances: at t/T = 0.02, 1, 2, 3, and 4 ­ the initial result followed by the results at
end of every oscillatory flow period. The color represents the logarithmic particle volume
fraction normalize by the initial particle volume value. The initial value is at t/T = 0.02,
is almost to zero as values are close to the initial particle volume value. The lighter shade
means the particle volume fraction is lower from the initial value, the darker shade means
the particle volume fraction is higher from from initial value.
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Instantaneous Particle Volume Fraction for 0.44 mm case

Figure 3.6: Same as Figure 3.5 but for 0.44 mm case.
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Instantaneous Particle Volume Fraction for 0.53 mm case

Figure 3.7: Same as 3.5 but for 0.53 mm case.
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Span­wise Total Particle Volume Fraction

Figure 3.8: Top most panel is the calculated free­stream velocity with the letters (A) to
(H) that corresponds to the ≈ t/T of 8 flow features described in Figure 3.3. Panels (A)
to (H) are the span­wise total particle volume fraction for all cases. Red marker represents
the 0.35 mm case, blue marker represents the 0.44 mm case and green marker represents
the 0.53 case.
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Figure 3.9: Continued.
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Flow Field Difference: 0.35 mm Case

Figure 3.10: Top most panel is the calculated free­stream velocity with the letters (A)
to (H) that corresponds to the ≈ t/T of 8 flow features described in Figure 3.3. Panels
(A) to (H) are the flow field difference results between the 0.35 mm case and control
case (no sediment) simulations. The color represent the magnitude overlayed with the
corresponding velocity vectors.
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Figure 3.10: Continued.
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Flow field difference of 0.44 mm Case and Control Case.

Figure 3.11: Same as Figure 3.10 but for 0.42 mm case.

32

http://dx.doi.org/10.6342/NTU202204196


doi:10.6342/NTU202204196

Figure 3.11: Continued.
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Flow field difference of 0.53 mm Case and Control Case.

Figure 3.12: Same as Figure 3.10 but for 0.53 mm case.
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Figure 3.12: Continued.
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Period ­ and Span­wise Mean Velocity Flow Field

Figure 3.12: Period­ and spanwise­ mean velocity flow field based onMr5b63 experiment
of van der Werf et al. (2007): Screenshot of Figure A1 on van der Werf et al. (2008).
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Period ­ and Span­wise Velocity Flow Field

Figure 3.12: Top­most panel is the control case followed by the simulation cases with
sediments ­ 0.35 mm case, 0.44 mm case and 0.53 mm case.
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Period ­ Mean Velocity Flow Field at z = 0.205 m

Figure 3.12: Top­most panel is the control case followed by the simulation cases with
sediments ­ 0.35 mm case, 0.44 mm case and 0.53 mm case.
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Turbulent Kinetic Energy at z = 0.205 m

Figure 3.12: Top­most panel is the control case followed by the simulation cases with
sediments ­ 0.35 mm case, 0.44 mm case and 0.53 mm case.
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Chapter 4 Discussion

To further understand the effect of sediment particle presence on the oscillatory flow

field, presented in this section is some energy budget equation adopted from Chou and

Shao (2016). The total kinetic energy is of the system is calculated using the following

equation:

KEtot =

∫ 4T

t=0

d

dt

∫
V

1

2
ρ0 |uosc|2 dV dt+

∫ 4T

t=0

d

dt

Nsed∑
n=1

1

2
msed |used|2 dt (4.1)

where the first term on the RHS is the total kinetic energy of the oscillatory flow

evaluated over the control volume and the second term is the total kinetic energy of the

sediment particles. Figure 4.1 shows the calculation result from Eq.4.1. Top panel shows

the KEtot for the control case, middle panels shows the result for the simulation cases

with sediments, and last panel is the difference of cases with sediments and the control

case. For all experiment the dominant forcing is the oscillatory flow with the kinetic

energy is higher during the onshore flow and lower than the offshore flow. The presence

of the sediment showed an increasing contribution to the KEtot of each the system. The

energy contribution of the 0.35 mm and 0.44 mm case is in­phase as the oscillatory flow

and increasing in magnitude gradually over time. While the 0.53 mm have a varying

energy contribution that coincides with peaks during the maximum offshore flow, but
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lowest during the maximum onshore flow. To verify the range of the difference of the

KEtot of the simulation cases with the sediment and control case, we calculated the we

calculated turbulent kinetic energy (TKE) using Reynolds averaging by substituting uosc

on Equation (4.1) with:

u′osc = uosc − uosc, (4.2)

where u span­wise mean of the oscillatory flow. Figure 4.2 shows the resulting plot

of the time series of the TKE for all the simulation cases. Upon initializing the sediment

particles at t/T = 0, all cases started with the same value and diverge in trend before the

first flow reversal t/T = 0.4, ­ with the 0.53 mm case having an increasing trend, while the

0.35 mm case and 0.44 mm case having a constant trend. After two cycles, 0.35 mm case

and 0.44 mm case have the same trend with each other, where the having TKE decreases

during the flow reversal and increasing during the maximum onshore and offshore flow.

Likewise, the flow asymmetry is also reflected on the TKE where the maximum onshore

flow is higher than the maximum offshore flow, although there is an obvious delay on the

TKE plot. On the other hand the 0.53 mm case shows that the TKE decreases during the

off­onshore reversal and increases during the maximum onshore flow and the maximum

offshore flow.

To quantify how the particle motion contribute to the energy or release of potential

energy, we used the following the equation for ∆PEsed:

∆PEsed =

∫ 4T

t=0

d

dt

Nsed∑
n=1

1

2
used,n · msed (1−

1

s
) g (4.3)

The corresponding plot of the equation above for all cases is shown in Figure 4.3. The
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trend 0.35 mm and 0.44 mm confirms how the finer sediments were able to follow the

oscillatory flow, as the same phase as the oscillatory flow, but there is an decrease in

magnitude, as the sediments were accumulated at the ripple trough and distributed span­

wise. The calculation result of ∆PEsed for 0.53 mm case also confirms our results on

Figure 3.7 of having the almost no particle movement throughout the simulation.

Although the 0.53 mm case almost have no particle movement,it has a highest TKE

among the other case, thus we took a look at the inter­phase drag ­ a mechanism that could

dissipate the release of potential energy with the us of the following equation:

Dragsed =

∫ 4T

t=0

d

dt

Nsed∑
n=1

msed

|used,n − uosc|sed,n|2

τsed
dt (4.4)

43

The  corresponding  plot  of  the  equation  above  for  all  cases  is  shown  in  Figure  4.4.  Upon 

initialization  there  is  a  high  drag  for  0.35  case  and  0.44  mm  on  case  ,  this  decreased  over 

time  after  the  first  t/T  =  1  as  the  sediments  move  down  the  slope.  On  the  contrary,  the 

high  drag  calculation  result  for  0.53  mm  is  constant  over  four  periods,  since  the  particle 

volume  distribution  is  the  same  over  time  as  shown  on  Figure  3.7.  This  constant  high 

drag  contribution  from  0.53  mm  enhanced  the  TKE  seen  on  Figure  4.2.  In  comparison  to 

∆P  Esed  calculation  the  Dragsed  calculation  is  two  orders  higher,  which  shows  that  in  our 

simulation  case  the  interphase  drag  has  higher  contribution  to  the  energy  budget  than  of 

particle  motion  or  particle  entrainment.
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Kinetic Energy

Figure 4.1: Top panel is the time series of the total kinetic energy for control case. Middle
panel is the time series of the total kinetic energy for the simulation case with sediments.
Note that there are three lines plotted on this panel. Last panel is the difference of the
second and first panel. Black­filled marker is for 0.35 mm case, gray­filled marker is for
0.44 mm case and white­filled marker is for 0.53 mm case.
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Turbulent Kinetic Energy

Figure 4.2: Time series turbulent kinetic energy for all three cases. Black­filled marker is
for 0.35 mm case, grey­filled marker is for 0.44 mm case and white­filled marker is for
0.53 mm case.

∆PE

Figure 4.3: Time series ∆PE due to the motion of sediment particles for all three cases.
Black­filled marker is for 0.35 mm case, grey­filled marker is for 0.44 mm case and white­
filled marker is for 0.53 mm case.
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Inter­phase Drag

Figure 4.4: Time series of energy dissipation due to inter­phase drag for all three cases.
Black­filled marker is for 0.35 mm case, gray­filled marker is for 0.44 mm case and white­
filled marker is for 0.53 mm case
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Chapter  5  Summary

  To  investigate  the  role  of  sediment  particle  motion  and  particle­related  interphase

drag  on  an  oscillatory  flow  over  ripples  we  conducted  four  numerical  simulations  of  a

vortex  ripple  based  on  the  flow  conditions  and  ripple  dimension  of  the  Mr5b63  laboratory

experiment  of  van  der  Werf  et  al.  (2007),  using  the  Euler­Lagrange  model  of  Chou  et  al.

(2015).  The  four  cases  are  as  follows:  control  (no  sediment),  0.35  mm,  0.44  mm  and  0.53

mm.  The  control  case  served  as  a  baseline  to  compare  the  other  simulation  cases  with

sediments.  All  simulation  cases  with  sediments  have  the  same  bulk  particle  volume  value

introduced  at  the  first  grid  of  vortex  ripple.  The  control  case  simulation,  even  without

the  sediments,  can  capture  the  coherent  vortex  formation  and  ejection,  and  in  good  agree­

ment  with  known  observed  flow  pattern  features.  With  the  presence  of  sediment  particles,

the  simulation  results  showed  that  cases  with  finer  sediments  (0.35  mm  and  0.  44  mm),

moved  down  the  ripple  slope  and  accumulated  at  the  ripple  through,  entrained  with  oscil­

latory  flow  but  does  not  have  significant  difference  with  time  dependent  and  time  average

velocity  fields  except  during  the  flow  reversal.  The  case  with  coarser  particles  (0.53  mm)

neither  have  significant  particle  motion  and  nor  entertainment  with  oscillatory  flow  but

have  significant  difference  with  time  dependent  and  time  average  velocity  fields.  The  en­

ergy  calculation  showed  total  kinetic  energy  is  dominated  by  the  asymmetric  oscillatory

flow  induced  through  pressure  gradient  force.  The  total  kinetic  energy  difference  of  cases
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with point particles from control case showed that the increasing trend for all the cases.

The cases with finer particles (0.35 mm and 0. 44 mm) have the same trend as the oscil­

latory flow, while the case with coarse particles (0.53 mm) increases during offshore and

decelerates during onshore. The calculated TKE showed that the 0.35 mm and 0.44 mm

case are in­phase as the as the total kinetic energy and are in equilibrium after two flow pe­

riod, while the 0.53 mm case is increases at flow reversal and peaks during the maximum

offshore flow. The calculated ∆PE showed that the 0.35 mm and 0.44 mm case are in

phase as the oscillatory flow, decreases in magnitude over time, while there is close to zero

∆PE or no motion for the 0.53 mm case. The calculated interphase drag are two order

higher than∆PE. The results showed the 0.35 mm and 0.44 mm case decreased in mag­

nitude after first flow period, not affected by flow asymmetry, while 0.53 mm case peaks

during off­offshore flow reversal, lowest during maximum onshore flow. Although the

simulation could further be improved by incorporating forcing due to sediment collision,

our study still confirms the caution of considering a single sediment particle size for drag

contribution as the basis for computation of grain­related roughness used for grain­related

bed shear stress for sediment transport calculation.
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