
Coastal Engineering 58 (2011) 1072–1088

Contents lists available at ScienceDirect

Coastal Engineering

j ourna l homepage: www.e lsev ie r.com/ locate /coasta leng
A two-phase approach to wave-induced sediment transport under sheet
flow conditions

Xin Chen a, Yong Li b, Xiaojing Niu a, Daoyi Chen c, Xiping Yu a,⁎
a State Key Laboratory of Hydroscience and Engineering, Department of Hydraulic Engineering, Tsinghua University, Beijing, China
b Institute of Mechanics, Chinese Academy of Science, Beijing, China
c School of Engineering, University of Liverpool, Liverpool, UK
⁎ Corresponding author. Tel.: +86 10 62776777.
E-mail address: yuxiping@tsinghua.edu.cn (X. Yu).

0378-3839/$ – see front matter © 2011 Elsevier B.V. A
doi:10.1016/j.coastaleng.2011.06.003
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 October 2010
Received in revised form 2 May 2011
Accepted 22 June 2011
Available online 18 July 2011

Keywords:
Two-phase flow
Two-fluid model
Oscillatory sheet flow
Sediment transport
Numerical computation
A numerical model for the general description of the sediment transport under oscillatory sheet flow
conditions is developed based on a two-fluid representation of the two-phase turbulent flows. The governing
equations of the model are the Reynolds averaged continuity equations and equations of motion for both the
fluid and the sediment phases. The two phases are coupled by the interphase forces including the resistance
force, the inertia force, and the lift force. Turbulence closure of the fluid phase is based on a slightly modified
k–ε model while an algebraic particle-turbulence model is applied to the sediment phase. The numerical
method is based on the modified SIMPLE scheme and an improved time stepping technique. The model is
validated by the published data for the symmetrical oscillatory sheet flows generated in an oscillatory flow
tunnel at the University of Tokyo and for both the symmetrical and the asymmetrical oscillatory sheet flows
generated in an oscillatory flow tunnel at University of Aberdeen. The numerical results on the temporal and
spacial variation of the sediment concentration, the horizontal velocities of the two phases, the horizontal and
vertical fluxes of the sediment phase, as well as the thickness of the sheet flow layer all show satisfactory
agreement with the laboratory data. Themodel is also shown to predict the net sediment transport rate with a
reasonably good accuracy.
ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Sediment transport in the sheet flow regime is characterized by a
thin layer near the surface of themovable bedwith extraordinarily high
concentration. Previous studies showed that the sheet flow occurs
under wave-induced oscillatory flow conditions when the Shields
parameter, an indicator of themovability of the bedmaterials, becomes
larger than a critical value (Horikawa, 1988). It is widely believed that
sheet flows play a dominant role in the nearshore topographical change
and also in the siltation of navigation channels, particularly during a
storm, in such places as Yangtze River estuary and the coastal area along
Bohai Bay in China where the seabed is formed by fine sand or silt.
Because of the important background in coastal and estuarine
engineering, many experimental and numerical studies on oscillatory
sheet flows have been carried out and our understanding on the
phenomenon has been continuously advancing in the past quarter
century. The accumulated knowledge can be found in Horikawa (1988),
Fredsoe and Deigaard (1992), Nielsen (1992), Van Rijn (1993).

A significant number of laboratory experiments have beenperformed
to explore the various aspects of the oscillatory sheet flows. The
pioneering investigation that has been widely referred in literatures
was made by Horikawa et al. (1982) in an oscillatory flow tunnel at the
University of Tokyo (UTOFT). The University of Tokyo group continued
for quite a long time to investigate the various properties of the sheet
flows (Dibajnia and Watanabe, 1992; 1998; Ahmed and Sato, 2003;
Watanabe and Sato, 2004). Important earlier contributions were also
made by the research group at University of Cambridge (Ahilan and
Sleath, 1987; Dick and Sleath, 1992; Zala-Flores and Sleath, 1998). A little
later, very detailed data were published by the researchers from Delft
Hydraulics or those having the opportunity to use the large oscillatory
water tunnel (LOWT) at WL|Delft Hydraulics (Ribberink and Al-Salem,
1995; McLean et al., 2001; Dohmen-Janssen et al., 2001; Dohmen-
Janssen and Hanes, 2002; Dohmen-Janssen et al., 2002; Hassan and
Ribberink, 2005). The relatively recent contributions are a series of work
completed at University of Aberdeen (O'Donoghue andWright, 2004a, b;
Van der et al., 2010), where a large-scale oscillatory flow tunnel (AOFT)
equippedwith advancedmeasuring instrumentswasbuilt in 1999. Other
research groups in Japan and in Denmark (Yamashita et al., 1985; Asano,
1995; Li and Sawamoto, 1995; Staub et al., 1996) also carried out
experimental studies on the oscillatory sheet flows. Different authors
measured the temporal and spacial variation of the sediment concen-
tration, the horizontal and vertical sediment flux, the thickness of the
sheet flow layer, etc. under various conditions. In particular, Horikawa
et al. (1982) and Yamashita et al. (1985) studied the symmetrical cases
assumed to be generated by sinusoidal waves. The asymmetrical cases
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corresponding to the flows induced by cnoidal waves were investigated
by Dibajnia (1991), and later on by Ahmed and Sato (2003). Ribberink
and Chen (1993), Ribberink and Al-Salem (1994, 1995) and O'Donoghue
andWright (2004a, b) paid attention to the cases with relation to Stokes
waves.

In parallel with the experimental studies, efforts have also been
made by researchers around the world in the last two decades to
develop an advanced numerical model so that the description of the
oscillatory sheet flows can be accurate enough. A two-phase model is
definitely necessary due to the extraordinarily high concentration of
sediment within the sheet flow layer. But the establishment of an
effective two-phase flowmodel is by nomeans an easily reachable goal
and has always been accompanied not only by challenges in
understanding the interactions between the two phases and the
turbulent features of both the fluid and the sediment phases, but also
bydifficulties in establishing a refinednumerical algorithm that can deal
with the complicatedly coupled system of the governing equations for
both phases. The earlier work done by Asano (1990) significantly
simplified the problem based on the boundary layer approximation and
an assumption on the vertical velocity of the sediment phase in addition
to the empirical formulas for the turbulent diffusion. Li and Sawamoto
(1995) removed the boundary layer approximation in Asano's (1990)
model and solved the two dimensional problem straightforwardly. Li
and Sawamoto (1995) also tried to improve the empirical expressions
for interactions between the fluid and sediments, the interactions
among sediment particles, and the turbulent diffusion, but neglected
advection effects as well as the diffusion in the horizontal direction.
Dong and Zhang (1999), and later on, Liu and Sato (2005; 2006)
established an two-phase model of various merits for the oscillatory
sheetflowsby improvingLi andSawamoto's (1995)work.However, this
well establishedmodel is still based on the simplemixing-length theory
for turbulence closure, and still excludes the advection effects. That the
mixing-length coefficient involved in themodel is complicatedly related
to the features of the flow also restricts its applicability. To enhance the
turbulence modeling, Hsu et al. (2003) applied the standard κ–εmodel,
while Li et al. (2008) employed a one-equation model for simplicity.
Bakhtyar et al. (2009a; 2009b) further included the advection effects but
unreasonably neglected the diffusion terms in the continuity
equations. Longo's (2005) model is a sheet flow model that took into
account all themajor factors partially considered in thepreviousmodels,
except for the turbulence modeling of the sediment phase, but it is only
for vertically one-dimensional problems. Hsu et al. (2004) andAmoudry
et al. (2008) paid attention to the turbulence modeling of the sediment
phase. However, Hsu et al. (2004) considered only vertically one-
dimensional problems. Amoudry et al.'s (2008) basic equations are
multi-dimensional but the solution method is still one-dimensional. In
addition, these authors used the concentration-weighted velocities as
the variables, so some further manipulations are necessary if the mean
velocity of either the sediment phase or the fluid phase is required.

It is worthwhile to mention that the oscillatory sheet flows in
practices are usually induced by surface water waves which are not
exactly the same as those generated by a horizontal pressure gradient
andmay have a highly asymmetrical profile. Therefore, to represent the
complexity of the oscillatory sheet flows under general conditions, a
further enhanced two-phase flow model based on the complete set of
governing equations with a thoroughly consideredmodel of turbulence
closure and a comprehensive description of the interactions between
the two phases, is definitely necessary. The present study is to focus on
the development of such a numerical model. We re-derive the basic
equations strictly following the standard procedure of Reynolds
averaging by considering not only fluctuations of the velocity and the
pressure but also the volumetric concentration of the sediment. The
interaction forces between the two phases include not only the drag
force but also the inertia force and the lift force. Efforts are alsomade to
select the most comprehensive expression for the inter-granular
stresses, to find an appropriate algebraic particle-turbulence model for
the sediment phase, and to improve the standard k–ε turbulence model
for thefluidphase. It is expected that suchamodel describesnot only the
sheet flow layer but also the transport of the suspended load and the
sediment pick-up/settle-down process. It is also tried to exclude the
parts in the existingmodels that strongly depend on empirical formulas
that have very limited validity range. No such a relation that gives the
sediment concentration at a particular level or specifies the pick-up rate
as a function of the flow parameters will be necessary.

2. Numerical model

2.1. Governing equations

We adopt the two-fluid approach or the Euler–Euler approach. A
sediment-fluid two-phase flow can thus be described by the Reynolds
averaged continuity equations and equations of motion for both the
sediment and the fluid phases. Assuming that the volumetric
concentrations of the two phases, the velocities of the two phases,
and the pressure can all be decomposed into a mean value and a
turbulent fluctuation, and following Elghobashi and Abou-Arab
(1983) to model the turbulent correlation terms, we obtain
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where, α is the volumetric concentration; u is the velocity; p is the
pressure; x is the Cartesian coordinate; t is the time; the subscript f
stands for the fluid phase and s stands for the sediment phase; the
indices i and j both represent the horizontal and the vertical
components and obey the summation convention; ρ is the density;
g is the body force; δα is the Schmidt number and we assume δα=1.0
in the present study; νf=νf0+νft and νs=νs0+νst are the viscosities
of the fluid and the sediment phases, respectively; νft and νst are the
turbulent viscosities of the fluid and the sediment phases resulted
from turbulence modeling; νf0 is the molecular viscosity of the fluid;
νs0 is the viscosity representing the inter-granular stress which can be
related to νf0 according to Ahilan and Sleath (1987):

νs0 =
1:2ρf

ρs

αsm

αs
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−1

� �−2
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in which, αsm is the maximum volumetric concentration of the
sediment phase (it is closely related to the density of the naturally
packed sediment and is assumed to be 0.6 in the present study); Fi is
the interaction force between the two phases including the drag force,
the inertia force, and the lift force in the present study, namely,

Fi = Fd;i + Fv;i + Fl;i ð6Þ
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Fig. 1. Definition of domain.
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The drag force is given by

Fd = λCD
3ρfαs

4Ds
uf−us

��� ��� uf−us

� �
ð7Þ

where, the bold face denotes a vector, Ds is the particle diameter of
the sediment, CD is the drag coefficient, and λ is the concentration
modification factor. λ may be related to the volumetric concentra-
tion of the sediment phase through Tam's (1969) formula while CD
can be expressed as a function of the particle Reynolds number
Res=|uf−us|Ds/νf0 through Schiller–Nauman formula (Wörner,
2003):
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The inertia force and the lift force are formulated as

Fv = CMρfαs

d uf−us
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dt
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Fl = CLρfαs uf−us

� �
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where Ω is the vorticity vector of the fluid phase, CM=0.5 is the
added-mass coefficient and CL=0.5 is the lift coefficient.

It is worthwhile to point out that the right hand side of Eqs. (1)
and (2) as well as the next to the last terms in Eqs. (3) and (4)
originate from modeling the correlation product of the fluctuations
of the volume concentration and the velocity components, and
represent the effects of sediment diffusion. We should also note that
αf+αs=1.
a) Symmetrical case 

Fig. 2. Velocity profile
2.2. Turbulence model

The turbulence model selected for the fluid phase in the present
study is essentially the k–ε model, i.e., the turbulent viscosity of the
fluid phase is given by

νft = Cμ
k2f
εf

ð12Þ

where Cμ is a constant, k is the turbulent kinetic energy, and ε is the
turbulent kinetic energy dissipation rate. Following Elghobashi and
Abou-Arab's (1983) approach while paying attention to the compat-
ibility with the standard k–ε model, we can derive the following
governing equations for k and ε:
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where νfk=νft/δk, νfε=νft/δε, δk=1.0, δε=1.33, C1=1.44, C2=1.92,
and Gf stands for

Gf = νft
∂uf ;i

∂xj
∂uf ;i

∂xj
+

∂uf ;j

∂xi

 !
ð15Þ

The turbulent viscosity of the sediment phase is assumed to follow
Hinze–Tchen's (Hinze, 1975) law, i.e.,
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where τf is the turbulence time scale of the fluid phase and τs is the
response time of the sediment phase. Note that Hinze–Tchen's
algebraic particle-turbulence model is a simple but standard model
for two-phase flows. Its validity conditionsmay be referred to Johnson
(1998) and these conditions are essentially to require that the size of
the sediment particle be small.

It is worthwhile to point out that there is no study that has justified
the accuracy of the standard k–ε model even for the fluid phase in a
sediment-laden flow of very high concentration. Turbulencemodeling
of the sheet flows, which are characterized by their high sediment
b) Asymmetrical case 

of the outer flow.



Table 1
Experimental conditions of the symmetrical sheet flow cases.

Test case U0 (m/s) Ds (mm) ρs (kg/m3) T (s)

AOFT-LS612 1.26 0.13 2650 6.0
UTOFT-HWK 1.27 0.2 2660 3.6

1075X. Chen et al. / Coastal Engineering 58 (2011) 1072–1088
concentration, is thus an unsolved problem. In practice, Katori et al.
(1996) adopted the one-equation (k-equation) model with an
empirical formula for the turbulence energy dissipation rate, while
Li et al. (2008) applied the same one-equation model but required the
turbulent viscosity and the dissipation to take different values in low
and high concentration regions. Two-equation turbulence models
adopted by Elghobashi and Abou-Arab (1983) and Hsu et al. (2003)
did not consider the effects of the sediment concentration. In the
present study, we apply the k–ε model but allow a modification of Cμ
a) t/T=0 

c) t/T=0.25 

e) t/T=0.5 

Fig. 3. Sediment concentration at diff
in Eq. (12) from its standard value of 0.09. Cμ in the present study is
assumed to be a function of the sediment concentration as follows

Cμ = 0:09 1− αs

αm

� �n

ð19Þ

where n=5 is taken in the present study by calibration. Eq. (19) is
essentially empirical, but it allows a smooth transition from the pore
flow within the sandy bottom to the dilute flow. The former can be
reasonably assumed to be laminar, while the lattermay be described by
the standard k–ε model. The most distinguished advantage of
introducing Eq. (19) is that the two-phase turbulent flow model
reasonably covers thewhole rangeof sediment concentration andneeds
no empirical relation that gives the sediment concentration at a
particular level or specifies the pick-up rate as a function of the flow
parameters when applied to describe sediment transport over a sandy
bed. It is worthwhile to point out that the importance to consider the
b) t/T=0.11 

d) t/T=0.46 

f) Various phases within half a period 

erent phases (Case AOFT-LS612).
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dependence of the turbulence intensity on the sediment concentration
has already been realized in anumber of previous studies. Li et al. (2008)
introduced a concentration-weighted formula for the turbulent viscos-
ity in their one-equation (k-equation) model, which decreases with the
increase of the sediment concentration; Liu and Sato (2005, 2006)
adopted a varying function of the vertical coordinate as their expression
of the eddy viscosity; Dong and Zhang (2002) considered the
dependence of the vertical diffusion coefficient on the sediment
concentration. Amoudry et al. (2008) employed a similar relation as
Eq. (19). Because the sheet flow is characterized by a small thickness
with the turbulent viscosity at both the upper and lower edges being
given, Eq. (19), with a properly chosen value should be a reasonable
approximation in modeling sheet flows. In this study, we tried different
values of n and found that the erosion depth is in best agreement with
the measurement when n=5. It may be worthwhile to emphasize that
the generality of n=5 should not be overestimated.

2.3. Boundary and initial conditions

For model verification, we restrict our interest to the sheet flow
induced by an oscillatory flow driven by horizontal pressure gradient
as shown in Fig. 1. When the sand bed under the still water condition,
i.e., the bed formed as all the suspended sediments settle down, is
taken as the reference level, our domain is considered to vary from
a) t/T=0.0 

c) t/T=0.17 

e) t/T=0.33 

Fig. 4. Sediment concentration at diffe
y=−Δ to y=h, where h is the thickness of the fluid flow which is
affected by the sheet flow, and Δ is the thickness of the moving
sediment layer. In practice, Δ can be a relatively large constant so that
the whole moving sediment layer is included. For simplicity, the top
boundary at y=h is assumed to be a ‘rigid-lid’. The boundary
conditions then require the sediment flux and the gradient of all other
variables, including uf, 1, uf, 2, us, 1, us, 2, kf and εf, to vanish in the vertical
direction. Vanishment of the sediment flux means

κs
∂αs

∂x2
−us;2αs = 0 ð20Þ

At the bottom boundary y=−Δ, non-slip condition is assumed.
Hence, uf, 1, uf, 2, us, 1, us, 2, kf and εf all equal to zero. The sediment
concentration, however, should be given by

αs = αsm ð21Þ

Since the flow is driven by a horizontal pressure gradient, the two
lateral boundary conditions should satisfy

∂p
∂x1

= −ρf
dU
dt

ð22Þ
b) t/T=0.08 

d) t/T=0.25 

f) t/T=0.42 

rent phases (Case UTOFT-HWK).
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in which,

U = U0 cosωt corresponding to small amplitude wave½ �
U1 cosωt + U2 cos2ωt corresponding to second order Stokes wave½ �

�
ð23Þ

where, if the pressure gradient is physically considered as caused by
the oscillatory outer flow of a boundary layer, U0 corresponds to the
amplitude of the outer flow induced by a linear wave; U1 and U2 are
the amplitudes of the first and second harmonic components of the
outer flow induced by a 2nd-order Stokes wave; ω is the oscillatory
frequency. In addition, the horizontal gradient of all other variables,
includingαs, uf, 1, uf, 2, us, 1, us, 2, kf and εf, must equal to zero.

The still water condition is assumed to be the initial condition.
Thus, at t=0, all flow variables are zero, while αs=0 at yN0 and
αs=αsm at yb0.

2.4. Numerical method

The modified SIMPLE scheme of Patankar (1980) is employed to
solve the basic Eqs. (1)–(4) as well as the k and ε Eqs. (13) and (14).
a) y=-3.65mm 

c) y=-1.65mm 

e) y=0.0mm 

Fig. 5. Sediment concentration at differ
These differential equations are therefore discretized over a staggered
rectangular grid, based on the finite volume method. The convection
terms are treated following the third order QUICK scheme of Tao
(2001), and the diffusion terms treated following the second order
central difference scheme. A modified TDMA scheme is used to solve
the sparse difference equations.

The time stepping strategy is standard. At each time step, the
volumetric concentration of each phase is computed first. Then, the
velocities of each phase are predicted and a modification of the
pressure is made. The values of the velocities can therefore be updated
to satisfy the conservation laws for the mass and momentum. If
necessary, modification of the pressure and the velocity can be
repeated to yield converged values being used as the initial conditions
of the next step. The convergence is judged by the residuals of volume
flux in the pressure modification equation. Once the volumetric
concentration and the velocity of each phase are determined, the
turbulence kinetic energy and the turbulence kinetic energy dissipa-
tion rate can be readily obtained. When the relative difference of the
sediment concentration and the velocity of each phase between two
adjacent cycles are lesser than a prescribed level (it is specified to be
b) y=-2.65mm 

d) y=-0.65mm 

f) y=2.5mm 

ent elevations (Case AOFT-LS612).



a) t/T=0.0 b) t/T=0.08 

c) t/T=0.17 d) t/T=0.25 

e) t/T=0.33 f) t/T=0.42 

Fig. 6. Horizontal velocity of sediment phase at different phases (Case AOFT-LS612).
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10−4 in the following studies), the computation is terminated, and the
solution of the last cycle represents the oscillatory sheet flow under
consideration.
Fig. 7. Horizontal velocity of sediment phase at different levels (Case AOFT-LS612).
3. Results and discussions

The model established in the present study is to be validated by
carefully measured data in the oscillatory flow tunnel at the
University of Tokyo (UTOFT) and in the oscillatory flow tunnel at
University of Aberdeen (AOFT). The UTOFT experiments were carried
out by Horikawa et al. (1982) with median-sized sediment
(d50=0.2 mm) on symmetrical oscillatory sheet flows. The AOFT
experiments were carried out by O'Donoghue and Wright (2004a, b)
and Li et al. (2008) with various sediment size [d50=0.13 mm
(fine)/0.27 mm (median)/0.46 mm (coarse)] on both symmetrical
and asymmetrical oscillatory sheet flows. The temporal profiles of the
outer flows that induce the sheet flows of our interest are shown in
Fig. 2. The asymmetry parameter of the oscillatory outer flow is
defined as

a =
Uon

Uon + Uoff
ð24Þ



a) t/T=0.0 b) t/T=0.08 

c) t/T=0.17 d) t/T=0.25 

e) t/T=0.33 f) t/T=0.42 

Fig. 8. Horizontal velocity of sediment phase at different phases (Case UTOFT-HWK).

Fig. 9. The sheet flow layer (Case AOFT-LS612).
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where Uon and Uoff represent the maximum velocities in the onshore
(positive x) and offshore (negative x) directions, respectively. a=1/2
correspond to the symmetrical case. In the numerical computations,
the domain in the vertical direction is fixed by h=5cm and Δ=2cm.
The horizontal grid size is set to be 10 mm while the vertical grid size
is equivalent to the median sediment size (0.2 mm) near the bottom
and increases proportionally to about 2 mm at the surface.

3.1. Symmetrical sheet flows

The fine sediment case of the AOFT experiments (Case AOFT-
LS612) and the median sediment case of the UTOFT experiments
(Case UTOFT-HWK) are adopted in this study to represent the
sediment motion under symmetrical sheet flow conditions. Table 1
summarizes the experimental conditions.

Fig. 3 shows the computed and measured distributions of the
volumetric concentration of sediment in Case AOFT-LS612 at different
onshore phases. Because the flow is symmetrical, we need only to
show the results in half a period. The experimental data were
obtainedwith an Acoustic Back Scatting system (ABS) in the relatively
low concentration region and a Conductivity Concentration Meter
(CCM) in the relatively high concentration region. At all phases, the
numerical results are shown to agree very well with the experimental

image of Fig.�8
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data below the reference level at y=0, but some discrepancies are
observed at yN0. It is not easy to conclude whether the errors are due
to the computation or themeasurement, but the experimental data do
have some inconsistency. Firstly, ABS and CCM give quite different
results nearby the reference level. Secondly, integrations of the
concentration profile above and below the reference level are
different (particularly at t=0, t /T=0.46, t /T=0.5), which is against
the mass conservation law for the sediment. Finally, some measured
values of the sediment concentration become less than zero (for
example, at t /T=0.11), which is physically impossible. When all
computed concentration profiles at different phases are plotted
together, as shown in Fig. 3(f), it seems that the profiles at different
phases have a pivot where the volumetric concentration is nearly
invariant and a pivoting motion of the profile can be observed as the
phase varies. The elevation of the pivot is below the reference level,
and the averaged volumetric concentration at the pivot is about 0.26–
0.27 (about 0.44 times of the maximum value), which confirms the
conclusion of O'Donoghue and Wright (2004a). It is also evident that,
during a period of the oscillation, both the volumetric concentration
and the scour depth increase as the velocity of the driven flow
a) t/T=0 

c) t/T=0.25 

e) t/T=0.61 

Fig. 10. Horizontal volumetric flux of sedim
increases, and they reach their maximums at about t /T=0.25
corresponding to the maximum velocity of the driven flow, as
shown in Fig. 3(f).

Fig. 4 shows the numerical and experimental results on the
volumetric concentration of sediment in Case UTOFT-HWK at
different onshore phases. The computed results agree with the
measured data at each phase even better than in Case AOFT-LS612,
especially at the region above the reference level. Again, a pivot of the
concentration profiles, with a vertical position below the reference
level and a nearly invariant volumetric concentration of about 0.26–
0.27, can be observed.

Fig. 5 compares the computational and experimental results of the
sediment concentration in Case AOFT-LS612 at several different
elevations near the reference level. It is shown that, at y=−3.65 mm,
both the computed andmeasured concentrations vary from nearly the
maximum value (0.6) to a value in between of 0.5 and 0.4. This level
should then be rather close to the lower boundary of the sheet flow
layer. The peak duration of the concentration profile is significantly
longer than the trough duration at this level. This is not difficult to
understand considering that the initial motion of a sediment particle
b) t/T=0.11 

d) t/T=0.46 

f) t/T=0.75 

ent at different phases (Case-LS612).

image of Fig.�10
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must break its threshold. It is also clear that the peak duration has a
tendency to decrease while the trough duration increase as the level
of interest increases. They become comparable at y=−2.65 mm. At
y=−1.65 mm, the peak duration becomes evidently shorter and the
trough duration longer. The level corresponding to y=−0.65 mm is
rather close to the pivot of the concentration profile, so the variation
of the concentration with time is mild. At y=0, the computation and
the experiment are in rather good agreement if we pay no attention to
the phase lag. The reason for causing the phase lag is difficult to be
identified, because the pick-up and the settle-down of sediment
particles at this level are both of very high rates, neither the
computation nor the measurement can be done with very good
accuracy. In fact, the experimental data by CCM and ABS are quite
different. It should also be pointed out that the difference between the
numerical and the experimental results above the reference level
seems to be larger as compared to those below the reference level,
particularly in the region with relatively low concentration. This is
probably because the turbulence model we used for densed two-
phase flows is not accurate enough. For comparison, Li et al. (2008)
computational results are also plotted in Fig. 5. The present model
a) y=-3.65mm  b

c) y=-1.45mm d

e) y=0.55mm f

Fig. 11. Vertical volumetric flux of sedim
does not seem to have evidently improved the accuracy of prediction,
but this does not damage the advantage of the present model because
it avoided quite a number of empirical formulas employed in Li et al.'s
(2008) model.

Fig. 6 is a comparison of the computed horizontal velocity of the
sediment phase with that measured in Case AOFT-LS612 at different
onshore phases. It is noted that the computed results agree with the
measured data very well. There is no experimental data at yN0.03 m
because the sediment concentration in this region is at a very low
level and the velocity of the sediment phase becomes very close to the
velocity of the fluid. Fig. 7 compares the computed horizontal velocity
of the sediment phase with that measured in Case AOFT-LS612 and
numerical results of Li et al. (2008) at different levels. The agreement
of the computed results from both the present model and Li et al.'s
(2008) model with the measured data is also very good.

Fig. 8 compares the computed horizontal velocity of the sediment
phase with that measured in Case UTOFT-HWK at different phases.
The agreement between the computational and the experimental
results is also very satisfactory. Slightly different from what is shown
in Fig. 6, the numerical results at t=0 in this case underestimate the
) y=-2.5mm 

) y=-0.05mm 

) y=1.55mm 

ent at different levels (Case-LS612).



Table 2
Experimental conditions of the asymmetrical sheet flow cases.

Test case U1 (m/s) U2 (m/s) a Ds (mm) T (s) qs (mm2/s)

AOFT-FA5010 1.2 0.3 0.63 0.13 5.0 −128.0
AOFT-MA5010 1.2 0.3 0.63 0.27 5.0 52.6
AOFT-CA5010 1.2 0.3 0.63 0.46 5.0 44.1
AOFT-FA7515 1.2 0.3 0.63 0.13 7.5 −88.3
AOFT-MA7515 1.2 0.3 0.63 0.27 7.5 35.9
AOFT-CA7515 1.2 0.3 0.63 0.46 7.5 33.8
AOFT-LA612 1.2 0.3 0.63 0.13 6.0 −61.0
AOFT-LA406 1.0 0.25 0.63 0.13 4.0 −8.0

qs is the measured net sediment transport rate.
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measurements, rather than overestimate as in Case AOFT-LS612. This
is probably an effect of the sediment size when the driving flow
reverses its direction.
a) t/T=0.0 b

c) t/T=0.21 d

e) t/T=0.42 f

g) t/T=0.72 h

Fig. 12. Sediment concentration at diffe
Fig. 9 shows the computed and themeasured variation of the sheet
flow layer within a period in Case AOFT-LS612. The upper and lower
boundaries of the layer are defined at the positions where the
sediment concentration equals to 0.05 and 0.99αsm, respectively. The
agreement between the computation and the experiment is accept-
able. Both the numerical and the experimental results show that the
upper boundary of the sheet flow layer approaches its peak shortly
after the lower boundary of the sheetflow layer reaches its trough, and
the upper boundary gets to its trough shortly after the lower boundary
reaches its peak. This is a direct consequence of the physical process
that the sediments on the bed are picked up and transported vertically
as the drivingflow is acceleratedwhile the suspended sediments settle
down and deposit on the bed as the driving flow is decelerated.

Fig. 10 shows the horizontal volumetric flux of sediment at
different phases in Case AOFT-LS612. The computational and
experimental results show almost the same tendency of variation
within a period, both being in phase with the velocity of the fluid
) t/T=0.08 

) t/T=0.33 

) t/T=0.56 

) t/T=0.89 

rent phases (Case AOFT-MA5010).
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phase and sharply reaching a maximum near the reference level, but
they differ significantly by magnitude, particularly near the reference
level. It may be necessary to point out that to obtain a good agreement
between the computations and the experiments near the reference
level is a very big challenge because both the numerical model and the
experimental method cannot be as good as they are in other regions.

Fig. 11 shows the computed and measured vertical volumetric flux
of sediment at different levels in Case AOFT-LS612. The agreement
a) t/T=0.0

c) t/T=0.21 

e) t/T=0.42 

g) t/T=0.72 

Fig. 13. Horizontal velocity of sediment phase
between the computations and measurements is fairly good,
particularly in the region below the reference level, although the
measured data is rather scattered. Study on the vertical flux of
sediment is important because it is actually the net sediment pick-up
rate (Nielsen et al., 2002; Li et al., 2008), or the difference between the
pick-up rate and the deposition rate, a concept critical to the sediment
transport model dealing only the suspended load. It is evident in
Fig. 11 that the vertical flux of sediment increases as the driving flow
b) t/T=0.08 

d) t/T=0.33 

f) t/T=0.56 

h) t/T=0.89 

at different phases (Case AOFT-MA5010).



1084 X. Chen et al. / Coastal Engineering 58 (2011) 1072–1088
is accelerated and decreases as the driving flow is decelerated. The
maximum rate appears when the horizontal velocity of the fluid phase
reaches its maximum, and the minimum rate appears when the fluid
flow reverses its direction. It should also be noted that the magnitude
of the net sediment pick-up rate varies with the elevation. This
implies that when an empirical function on pick-up rate is to be
established, a relevant elevation at which the function is valid should
first be specified.

3.2. Asymmetrical sheet flows

O'Donoghue and Wright (2004a, b) and Li et al.'s (2008)
experiments, all done in AOFT, are used to represent the asymmetrical
sheet flows in this study. Table 2 lists the parameters of the
experimental cases cited in this section. Case numbering follows the
original authors. Among all the cases given in Table 2, Case AOF-
MA5010 is used to verify the geometric, kinematics, and dynamic
features of the sheet flow layer. A different case (Case AOFT-LA612),
which yields to a negative net sediment transport rate, is used to
verify the flux of the sediment transport because the existing
empirical models usually fails to represent an offshore net transport
case. All cases are referred when the net sediment transport rate is
studied.

Fig. 12 shows the computed and measured volumetric concentra-
tion of sediment at different phases in Case AOFT-MA5010. The
computational results agreewell with the experimental data except in
the region above the reference level. The accuracy of the experiment
in the region above the reference level does not seem to be good
enough because there are even some negative values. As in the
symmetrical cases, existence of a pivot of the concentration profile
can still be observed at a position below the reference level and the
value of volumetric concentration there is almost invariant and equal
to about 0.3.

Fig. 13 compares the computed horizontal velocity of the sediment
phase with that measured in Case AOFT-MA5010 at different phases.
For comparison, Liu and Sato's (2006) numerical results are also
shown. The computed results of the present model agree well with
the experimental data in general. But, the agreement in the upper
region is obviously not as good as in the fine sediment cases of AOFT-
LS612 and UTOFT-HWK under symmetrical flow conditions, as shown
in Figs. 6 and 8. The reason is probably related to the loss of accuracy of
the turbulence model in some extent when the sediment size
becomes large. It is demonstrated that the present model gives better
results of horizontal velocity of the sediment phase than Liu and Sato's
(2006) even the erosion depth and the bed level in their model must
be determined empirically.

Fig. 14 shows the computed and the measured horizontal velocity
of the sediment phase at three different elevations in Case AOFT-
MA5010. Agreement between the computations and the measure-
Fig. 14. Horizontal velocity of sediment phase at different elevations (Case AOFT-
MA5010).
ments is very good. Determined by the asymmetry of the horizontal
velocity of the driving flow, the temporal variation of the horizontal
velocity of the sediment phase is also asymmetrical. In addition, the
ratio of the peak to trough values varies with the elevation. At y=
−2 mm, there is only onshore sediment transport, or, the sediment
particles move only when t/T is in between of 0.10 and 0.35. At
y=0 mm, the ratio of the peak to trough values of the horizontal
velocity of the sediment phase is about 2 and this value is decreased to
about 1.5 at y=5 mm. Onshore and offshore durations of the
horizontal velocity of the sediment phase seem to rely on the
asymmetry of the driving flow velocity and do not vary with the
elevation.

Fig. 15 shows the computed and measured variation of the sheet
flow layer within a period in Case AOFT-MA5010. The agreement
between the computations and experiments is again very good. The
maximum thickness of the sheet flow layer, corresponding to both the
deepest scouring and the highest uplifting of sediment, occurs shortly
after the peak of the driving flow. Governed by the driving flow, the
peak induced sheet flow has a much larger thickness than the trough
induced one, but has a shorter duration.

Fig. 16 presents the computed and measured horizontal volumet-
ric flux of sediment at different phases in Case AOFT-LA612. The
agreement between the computations and the measurements is
reasonably good. The vertical distribution of the flux at each phase is
shown to have amaximumnear the reference level. The sediment flux
is in the onshore direction from t/T=0 to some instant in between of
t /T=0.32–0.42, and in the offshore direction from some instant in
between of t /T=0.32–0.42 and t/T=1.

Fig. 17 presents the computed and measured vertical volumetric
flux of sediment or the net pick-up rate at six elevations in Case AOFT-
LA612. The experimental data below zero show a clear tendency but
those above zero are rather scattered. Similar to the symmetrical case,
the net pick-up rate is closely related to the velocity of the driving
flow. It is evident that the pick-up rate has two peaks within a period,
a large peak corresponding to the peak of the driving flow and a small
peak corresponding to the trough of the driving flow. The pick-up rate
also shows some correlation with the horizontal flux of sediment.
When the horizontal flux increases, the pick-up rate takes a relatively
large value.

Fig. 18 compares the computed net sediment transport rate
with experimental data, together with frequently used empirical
formulas of, Dibajnia andWatanabe (1996), Dibajnia et al. (2001), and
numerical results of Liu and Sato (2006). Experimental data
corresponding to different sediment diameters are distinguished by
different marks in the figures. The computed results of the present
model show the best agreement with the experimental data both in
terms of direction and of magnitude, and the relative error is within
50% [Fig. 18(d)]. As it can be realized from the measured values given
in Table 2, the net sediment transport rate of the 8 cases concerned in
Fig. 15. The sheet flow layer (Case AOFT-MA5010).

image of Fig.�14
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the present comparison is actually very complicatedly related to the
sediment diameter, the period of the oscillation, the amplitude of the
velocity of the driving flow, etc., and it takes negative values (offshore
drift) for fine sediment and positive values (onshore drift) for the
a) t/T=0.0 b

c) t/T=0.21 d

e) t/T=0.43 f

g) t/T=0.73 h

Fig. 16. Horizontal volumetric flux of sedimen
median and coarse sediments. The empirical formulas failed to
describe the offshore drift of sediment in some extent, as demon-
strated in Fig. 18(a, b), but the present numerical model works. The
agreement of the numerical results of Liu and Sato's (2006) with
) t/T=0.11

) t/T=0.32

) t/T=0.47

) t/T=0.94

t at different phases (Case AOFT-LA612).

image of Fig.�16


a) y=-3.65mm b) y=-2.5mm 

c) y=-1.45mm d) y=-0.05mm  

e) y=0.55mm f) y=1.55mm 

Fig. 17. Vertical volumetric flux of sediment at different levels (Case AOFT-LA612).
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experimental data does not show any advantage of their model over
the present one even it employed empirical formulas to determine the
erosion depth and the bed level.

4. Conclusions

A numerical model based on the direct solution of the Euler–
Euler formulation of two-phase flows is proposed to describe the
sediment-laden flows under sheet flow conditions. The fluid phase
and the sediment phase in the model are coupled through the
interaction forces between the two phases including the drag force,
the inertia force, and the lift force. Since the model is expected to be
valid within a wide range from the critically incepted granular layer,
in which inter-granular stresses play dominant roles, to the dilute
region where the turbulence is important, efforts are made to select
the most comprehensive expression for inter-granular stresses, to
find an appropriate algebraic particle-turbulence model for the
sediment phase, and to improve the standard k–ε turbulence model
for the fluid phase. Modification of the conventional expressions for
the interphase forces is also carried out so as to include the effects
of sediment concentration. The model is validated by carefully
measured data about fine/median/coarse sediment in an oscillatory
flow tunnel at the University of Tokyo (UTOFT) and in the
oscillatory flow tunnel at University of Aberdeen (AOFT). The
UTOFT experiments were carried out on symmetrical oscillatory
sheet flows. The AOFT experiments were carried out on both
symmetrical and asymmetrical oscillatory sheet flows. The com-
puted results on the temporal and spacial variation of the sediment
concentration, the horizontal velocities of the two phases, the
horizontal and vertical fluxes of the sediment, as well as the
thickness of the sheet flow layer under both symmetrical and
asymmetrical cases all show satisfactory agreement with the
measured data. The model can also accurately predict the net
sediment transport rate, which is very complicatedly related to the
sediment diameter, the period of the oscillation, the amplitude of
the velocity of the driving flow, etc., and takes negative values in
some cases and positive values in other cases, while most of the
empirical formulas fail to describe the offshore drift of sediment.



a) Comparison with Dibajnia (1996) b) Comparison with Dibajnia (2001)

c) Comparison with Liu and Sato (2006) d) Comparison with present computation

Fig. 18. Comparison of net sediment transport rates.
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Appendix

Notations
a asymmetry parameter
Cμ turbulence model constant
C1 turbulence model constant
C2 turbulence model constant
CD drag force coefficient
CL lift force coefficient
CM add-mass force coefficient
Ds sediment diameter
f fluid phase
Fd, i drag force
Fk, i force between phases
Fv, i added-mass force
Fl, i lift force
gk, i body force
Gf turbulence generating term
h thickness of the fluid flow
i,j directions in horizontal and vertical
p pressure
qs measured net sediment transport rate
Res particle Reynolds number
s sediment phase
T period of oscillatory flow
t time
Uon maximum velocities of onshore
Uoff maximum velocities of offshore
U free stream velocity
U0 basic component of sinusoidal waves
U1 first harmonic components of 2nd-order Stokes waves
U2 second harmonic components of 2nd-order Stokes waves
uk, i phase velocity
xj Cartesian coordinate
y distance to the zero elevation
αk volumetric concentration
αsm maximum volumetric concentration, 0.6 is used in present

study
λ concentration modification factor for drag force
Δ the thickness of the moving sediment layer
δ Schmidt number
δk turbulence model constant
δε turbulence model constant
νf fluid viscosity coefficient
νf sediment viscosity coefficient
νf0 fluid kinetic viscosity coefficient
νft fluid turbulent viscosity coefficient
νs0 inter-granular stress viscosity coefficient
νst sediment turbulent viscosity coefficient
ρ phase density
τf turbulence time scale of fluid phase
τs response time of sediment phase
ω frequency of oscillatory flow
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