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Numerical investigation of the 3D flow and sediment transport around a series of non-submerged spur
dykes has been presented. The complex velocity field and bed shear stress are predicted by the widely
used k-¢ model in combination with the wall function approach. Coupling the mass conservative
equation of the sediment with an empirical formula for the bed load transport, a scour model has been put
forward. The effect of the local bed slope is taken into account by correcting the threshold condition for
the sediment entrainment and incorporating the particle gravity as a part of the effective shear stress. A
sand slide process is introduced to avoid the excess slope over the angle of sediment repose. The model
result has been compared with the laboratorial experiment. It is shown that both the velocity field and the
local scouring predicted by the current model are in reasonable agreement with those of the experiment.
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1. INTRODUCTION

Spur dykes are one of the most commonly used
hydraulic structures for river training and river
restoration. In order to increase the efficiency and
enlarge the improved stretch of the river system,
spur dykes are generally designed and organized in
sequences. Single spur dykes can change only the
local river conditions, so they are hardly found in
the engineering construction. As spur dykes act like
blockages to the river flow, the flow separation will
be obviously observed at the heads of the spur
dykes. In the embayments formed by the
consecutive spur dykes, secondary flows and
sediment transport present quite challenging and
interesting problems for engineers and researchers.

A vast number of experiments have been carried
out in laboratorial flumes with single or groups of
spur-dyke-ike structures during the last decades.
e.g. Melville ", Ishigaki et al.” and Uijttewaal et
al.” These studies provide a substantial collection of
data and help to further the understanding of the
behavior of spur-dykedike structures. But the
drawbacks of experimental methods are also well

documented. For example, the high cost of physical
models, the idealized flow and sediment conditions,
the simplified study domain geometry, etc.
Moreover, as the result is usually experiment
dependent, the relationship or empirical formula
concluded from the experiment analyses have to be
prudently applied to field situations.

A more cost-effective alternative, namely, the
numerical method, has achieved great development
in the past several years, e.g. the quasi-3D
numerical simulation by Muneta and Shimizu 4), the
3D calculation performed by Kawaguchi et al” A
well-established numerical model can resolve the
evolution process of the 3D flow field and the 3D
topography of the local scour hole, which is of
significant meaning for the engineering practice.

Although numerical investigation of the 3D flow
and/or sediment transport is attracting more and
more attention, most of the published papers are
limited to the flow passing over a fixed bed or
scouring around an individual spur-dykedike
structure. For instance, in order to simulate the flow
separation and vortex shedding from the tip of two
skewed spur dykes, Kimura et al. developed a
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nondinear k-¢ model ®. The computed 3D flow
field was reported to be very similar to the PIV
(Particle Image Velocimetry) measurements.
Omitting the transient term, Olsen and Melaaen
computed the scour hole around a cylinder by
solving the 3D RANS (Reynolds-Averaged
Navier-Stokes) equation with the k-¢ mode] for the
Reynolds stresses and the convection-diffusion
equation for the sediment transport . The
computational result was found to be in agreement
with the observed data after a 12-hour run. Peng et
al. calculated the flow field around a spur dyke with
a modified k-¢ turbulence model *. And the scour
hole was simulated with the bed load transport
formula proposed by Meyer-Peter and Muller. They
got a slightly different scour pattern from the
experiment when the equilibrium depth was
reached. According to the previous researches, the
techniques of turbulence modeling are relatively
well-developed, but simulation of the sediment
behavior is still a major limitation for further
applications of such morphological models.

This paper examines the flow field around a
series of spur dykes with a 3D k- ¢ turbulence
model. The local scouring is assumed to take place
in the form of bed load transport and modeled with
the Ashida-Michiue formula ”. The bed slope effect
is taken into account by correcting the threshold
condition of the sediment entrainment and including
the gravitational force in the effective shear stress
acting on the particles. Furthermore, the excess of
the bed slope over the angle of sediment repose is
avoided by introducing a sand slide algorithm. The
computation is performed under the experimental
conditions in the laboratorial test by Muto et al.'”
and the model verification is carried out through the
comparison with the measured data.

2.MODEL DESCRIPTION

(1) Flow field

The 3D RANS equations and the continuity
equation expressed in a Cartesian coordinate system
with the Einstein summation convention are as
follows.
Momentum equation
Ou, . u or.,
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Continuity equation
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where u;= averaged velocity field; x;= Cartesian

coordinate component; r= time; o = density of the
fluid; f;= body force; p= averaged pressure, v=
viscosity of the fluid;
r, =-puu,, are defined as the Reynolds stress
tensors, and u; is the fluctuating velocity field.

The transport equations for the turbulence
kinetic energy k and its dissipation rate ¢ read
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where G= the rate of production of turbulence
kinetic energy; the eddy viscosity v, = C k*/&, and
in a standard k- ¢ model, the following coefficients
are generally used:

C,=009 ¢, =10, 0,=13, G =144 C, =192

(2) Sediment modeling

a) Bed evolution

The scour hole is generated by the sediment
transport. It is usually modeled by solving the
sediment continuity equation

0z 0q,. . 99,
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where z,= river bed elevation; A = porosity of
sediment; gy, , g»y = bed load transport rate in x and
y direction, respectively.

If the sediment particles are relatively coarse,
they mainly move as bed load, i.e. they basically
move by rolling, sliding or jumping along the bed.
Among numerous formulae, the approach for bed
load transport rate proposed by Ashida and Michiue
is adopted here, which has the form as below.

4, O Ve P L _ T
T 177,711 1 )
(s 1) gd 7 [

where g,= bed load discharge per unit width; s=
specific gravity of sediment; g= gravitational

acceleration; d= diameter of sediment; 7., 7. 7, =

dimensionless effective shear stress, critical shear
stress and shear stress, respectively.

b)Local bed effect

Due to the sediment transport, the bed
topography becomes very complex. The bed slope
effect is no longer negligible in the calculation of
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the sediment transport rate. It is taken into account
by correcting the critical condition of the particles
incipient motion and including the gravitational
component as a part of the effective shear stress.

A particle resting on a local bed surface with a
normal direction (&, £,y ) will be set in motion if

the resulted driving force is larger than the
stabilizing force. Due to the slope, the direction of
the particle movement does not coincide with the
flow any more, but is related to the immersed
weight of the particle W and the fluid force F acting
on the particle. Writing the fluid force as the
multiplication of its magnitude and direction vector,
ie.

F=F(fi+fj*fk) ©6)

in which F= magnitude of the fluid force F; i, j, k=
the unit vector in x, y, z direction, respectively and
fo £ f;= direction cosines of the fluid force F, the
resulted driving force Fy has the form

F, =(W cos ycosa+fo)i+(Wcos ycosﬂ+fyF)j
+(-Wsin? y+ £ F )k M

where W=magnitude of the immersed weight W,
and the magnitude of the stabilizing force F is

F,=-Wcosytang (8)

where ¢ = the angle of sediment repose underwater.

Comparing the forces above with those on a
horizontal bed, the critical fluid force (here
expressed in terms of the shear stress) on a sloping
bed has the following form.

Tc = KTCO (9)
in which 7,7, = the critical shear stress for a

sloping bed and a horizontal bed, respectively; the
bed slope factor K is expressed by

_ \/m2 -sin? y+cos’ ytan’p-m
tan ¢

K

(10)

where m=f, cosycosar+ f, cos ycos - f, sin” y

Liu'" also theoretically derived a bed slope
factor by constructing two curvilinear coordinate
systems. But the resulted formula was too complex
to ensure a numerical implementation. In the current
model, two assumptions have been made: the ratio
of the lift force to the particle weight underwater is
small and the Reynolds number is relatively high.
With this simplification, the method is applicable.

It is also important to determine the bed load

components in the Cartesian coordinate system,
which necessitates the evaluation of the direction of
sediment transport. It is herein assumed that the
direction of the sediment movement follows the
direction of the resulted driving force. Then the
sediment transport rate in different directions is
explicitly acquired.

In some literatures such as van Rijn’s
publication '?, the bed slope factor has been divided
into a longitudinal slope factor and a transverse
slope factor. According to the authors’ numerical
experiments, this kind of treatment seems not very
suitable for a 3D calculation. In addition, it can be
verified that either the longitudinal slope factor or
the transverse slope factor suggested by van Rijn is
a special case of Eq. 10.

¢) Sand slide

During the bed evolution, the bed slope may
increase to a level larger than the angle of repose, in
particular around the scour holes. This phenomenon
cannot occur, or it is not stable in the actual case. In
the numerical simulation, an indicator and a sand
slide process are introduced to avoid its occurrence.

A moving unstructured 3D mesh has been
adopted in this study. During the calculation, the
mesh changes with the bed variation. On the
riverbed, the topography of the surface mesh (all the
mesh elements are assumed to be planar polygons)
is shown in Fig.1. Each time before adjusting the
mesh, the program checks all the mesh nodes and
corresponding neighbors on the bed surface.

Mesh Label: 1-8

Node Label: A-C B

Fig.1 Sand slide process

For example, an angle steeper than the angle of
repose (see Fig.1) has been detected connecting
node A (x4, 4, 74) and node B (xz, yg, z5). If node B
is higher, it should be lowered vertically to node B’,
and node A should increase a distance to node A’ at
the same time. Finally the angle connecting A and B
is equal to the angle of repose, i.e.

(ZB _5ZB)—(ZA +5ZA) =tan¢\/(7xB _xA)2 +(yB _yA)Z (1D

in which §z,, 9z,= vertical change amount for
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node A and node B, respectively.

On the other hand, the sediment conservation
should be ensured amidst the adjustment, it results
in

(S, +8,+8,+5,+8,)0z, =(S; +5, +5,+5,+5,) 0z, (12)

where §S= projected area of the bed surface in the x-y
plane.

From Eq.11 and Eq.12, the new position of node
A and node B can be determined. For each node on
the riverbed, the process is repeated. As the change
of one node has an influence on all the angles
connecting the node and its neighboring nodes, new
scans and possible adjustments are needed until all
the angles are not greater than the angle of repose.

(3) Solution procedure

The governing equations for the turbulence are
discretized by a cell-centered FVM (Finite Volume
Method). A moving unstructured mesh is adopted
so that the model can be extended to actual rivers
without any ad hoc treatment. A detailed description
of the numerical scheme and boundary conditions
was given in another paper written by the authors."”

Based on the shear stress calculated from the
turbulence model at one time step, the sediment
erosion and deposition can be evaluated with the
methods proposed in the previous contexts. The
riverbed elevation is then adjusted. A new mesh is
generated based on the new bed geometry and the
calculation time is forward. If the maximum bed
change is larger than a specific number (8% of the
water depth in this study), a new flow field and
therefore a new shear stress is calculated with the
new mesh. This procedure is repeated until the
maximum bed variation per second is so small (less
than 10™* cm/s in this study) that it can be considered
as an equilibrium condition.

3. EXPERIMENT AND COMPUTATION
CONDITIONS

The laboratorial experiment was conducted in a
straight compound channel with a slope 1/700 as
shown in Fig. 2. Removing some parts of the flood
plain area, 9 consecutive spur dykes have been set
up along the channel. The initial riverbed is covered
by 10cm-thick artificial spherical sands with a mean
diameter of d= 1.34mm. The density of the sediment
particle is 2.24 g/cm’, which is a little lighter than
the natural sand. The experimental conditions are
given in Tab.1.

After a continuous running of 24 hours, the bed
seems to be unchanged and it is assumed as an
equilibrium state. The riverbed deformation was

then measured with a laser sensor after the flume
has been completely drained out. Cements were
utilized to fix the final riverbed for the measurement
of the velocity field. An I-shape and an L-shape
electromagnetic velocimeters were employed to
measure the flow velocities.

Table 1 Hydraulic condition for the experiment

Discharge Water Depth  Mean Velocity Re. Number  Fr. Number
8.23 I/s 430 cm 28.57 cm/s 12,285 044
e A
;@ | 1 |
| E | Computational domain |
i
[N
[0 -
§ s1 =lem b=15cm
ki

. I ] |\,/
- |
210cm 150cm 459cm 300cm

53

180cm

Cross-section A-A

’ B: width of the main channel
V. h=43em

b: length of the spur dyke

S5cm

L: length of the embayment

t: thickness of the spur dyke

10cm

82cm [;5cm Vi water depth

Fig.2 Experiment set-up (top view,top;side veiw,bottom,not to scale)

Considering the computational convenience, the
computed domain does not completely coincide
with the experimental geometry. It begins 10b (i.e.
150cm) upstream from the first embayment and
extends to 20b (i.e. 300cm) downstream from the
last embayment. As is seen in Fig. 2, there is a
180cm gradually narrowing stretch in the upstream
area in this experiment. It intends to have some
influence on the approaching flow. However, it is
assumed at the current stage that the turbulent flow
has been fully developed in the main stream. This
assumption might have some impacts on the values
of the simulated result, but it does not affect the
generality of the conclusion.

With the adopted geometry, a total number of
14,196 hexahedral mesh has been used in this test
case. The initial conditions are obtained by carrying
out a steady-state calculation on the flat bed. After
that, the sediment is exposed to the flow and subject
to move until the equilibrium state.

4. RESULTS AND DISCUSSIONS

(1) Bed variation
The comparison of the final riverbed variation
around the first four embayments is shown in Fig.3.
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Fig.3 Final bed variation 3z, (Experiment: top; Computation: bottom)

There are some differences, but both the experiment
and simulation exhibit that local scouring occurs at
the toes of all the spur dykes. Around the first two
spur dykes, the scour holes are quite remarkable.
Consequently, the toe protection becomes a great
consideration from the standpoint of structure
design. The depth of the scour hole is very small at
the third spur dyke, and so are all the others.

The final bed variation dz, from the initial flat
bed normalized by the maximum scour hole depth
H,.. along two representative sections (see Fig.2:
Section S1, i.e. X/L=1 and Section S2, i.e. Y/b=1)
are given in Fig.4. It illustrates the longitudinal and
transverse scour hole profiles around the first spur
dyke. The computational result in these two sections
is quite similar to the experimental data.

In the experimental result, the deepest scour hole
around the first spur dyke is about 3.69cm, and the
second one is 4.37cm. However, as shown in Fig.3,
the deepest scour hole calculated is at the toe of the
first spur dyke (4.03cm) and the second one has a
depth of around 3.68cm. This might be attributed to
the difference between the experimental condition
and the computational condition. Due to the
narrowing stretch upstream, the fully developed
turbulent flow was not achieved at the spur dyke
stretch, but this effect has been omitted in the
turbulence modeling. In the first embayment, the
deposition pattern is a little different from the
experiment. Near the channel bank, the bed is
almost unchanged, but a large area of deposition has
been calculated. It demonstrates that the shear stress
might have been over-estimated by the k- ¢ model.

105 120 135 150 165 195
X (cm)
Legend: Measured W Computed
Oy Hpa °
04 - :
0.2 .
-02 b
-04 !

-0.6
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0/ H s Y/b
04 :
0.2
0
-02 |
-04 -
-0.6
-08
-1

1.00 1.49 200 227 293 3.20
X/L

Fig.4 Scour hole profile (Section S1: top; Section S2: bottom)

(2) Flow field

The comparison of the stream-wise velocity (i, v)
around the first three spur dykes at depth z=2.3cm
from the datum level is shown in Fig.5. The
similarity of the flow pattern between the
measurement and the computation is evident.

The flow diverts at the heads of the spur dykes,
which results in extreme lateral velocity gradient.
The longitudinal velocity is still dominated in the
main channel area. In the embayment area,
horizontal vertices are obviously observed, but the
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measured velocity seems to be a little larger than the
computed result. In-between the embayment and the
main channel area there is a junction zone where
mass and momentum exchanges occur. The lateral
velocity in the junction zone is also observed to be a
bit under-estimated. The simplification of the input
flow and the error introduced by the calculated final
bed topography might be responsible for this
discrepancy.

,,,,,,,,

0 15 & 45607590 15 150 135
X (cm)

Fig.5 Stream-wise velocity profile (&, v) at depth z= 2.3cm
(Experiment: top; Computation: bottom)

Furthermore, the drawbacks of the standard k- ¢
model also deserve attention as has mentioned
before. In this experiment, the aspect ratio is L/b=3.
With this aspect ratio, it has been verified that a
more elaborate model will lead to a better result, for
instance, a nondinear k- ¢ model V. It will be
included in the future research.

5. CONCLUSIONS

A morphological model has been proposed to
predict the 3D flow and sediment transport around a
series of non-submerged spur dykes. Due to the
interaction between the flow field and the bed
morphology, the movement of sediment becomes
much sophisticated. Hence, the modeling of
sediment behavior has been emphasized.

By examining the forces acting on an individual
particle, the threshold condition and effective shear
stress for the sediment transport on a sloping bed
have been analyzed. With some treatments, the bed
load transport rate formulae for the horizontal bed
can be easily extended to the sloping bed. A sand
slide algorithm is introduced to avoid the
unreasonably steep slope possibly produced by the
numerical procedure. It guarantees that the bed
slope is not greater than the angle of repose as well
as ensures that the sediment conservativeness is
maintained. Although the test mesh is a bit coarse
and there are some simplifications between the

experimental and computational conditions, the
velocity field and scour pattern resulted from the
numerical model are in reasonable agreement with
those of the experiment. This demonstrates that the
methodology proposed in this study is applicable.
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