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This paper is concerned with three-dimensional numerical analysis of turbulent flows around sub-
merged spur-dikes. A finite volume method is employed to discretize the governing equations. A nonlin-
ear k- model proposed by Shih et al. and a linear k- model modified by Zhu-Shih are applied to two
cases of flow with different spur dikes. The comparison with measured data shows that the nonlinear k-¢
model reproduces mean velocity field better than the modified linear k- model in the two cases. The rea-
son of the superiority of the non-linear model is discussed. It is shown, however, that further improve-
ment in the numerical model is required to reproduce the complex flow phenomena accurately,
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1. INTRODUCTION

Spur dikes have been widely used in rivers to
protect riverbanks from erosion during floods and
improve navigability at low water flow condition.
Recently they have also been used to improve
aquatic habitat by providing and maintaining stable
pools and diverse flow environment. More attention
has been paid to the investigation of flow structure
and the associated erosion process by physical and
numerical models. Two-dimensional” and three-
dimensional numerical models” have been devel-
oped and applied to predict the flowfield at the pres-
ence of submerged spur dikes and transport phe-
nomena around them. But the flow characteristics
are not yet well understood and poorly predicted by
the numerical models, since the flowfield shows
highly three-dimensional complexity and unsteadi-
ness, hence is difficult to predict accurately.

In this study, we compare the performance of a
non-linear k- model devised by Shih et al.* and
that of a linear k-& model modified by Zhu-Shih® to
single out a reliable turbulence model to reproduce
the flow around submerged spur dikes. The linear k-
e model is found to the most reliable one among
several linear k-8 models”, even though it shows
some discrepancies compared with experimental
results. The present study aims to confirm the
higher reliability of the non-linear k- model when
applied to flow in open channel with spur dikes,

with the hope that it may server as a flow model
when we predict scouring processes and sediment
transport.

2. NUMERICAL SIMULATION

" (1) Governing Equations

The governing equations for three-dimensional
incompressible steady turbulent flow are the conti-
nuity equation and three momentum equations that
are expressed as:
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where U, is the mean velocity, P the pressure and Z,
the bed level. In the linear k-¢ model, the Reynolds

stresses — 1,1, are expressed using eddy viscosity

concept as:
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where k 1s the turbulent kinetic energy and ¢ is its
dissipation rate. The values of k and € are calculated
through their transport equations that are written as:
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It 1s well recognized that the standard k- model
widely used overpredicts the eddy viscosity in the
regions of flow separation and recirculation. To
minimize this weak points, a modification was pro-
posed by Zhu-Shih¥ where the model coefficients
are determined as:
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Based on a realizability analysis of turbulent
normal stresses, the functional form for ¢, in Eq. (8)
is derived in terms of the time scale ratio of turbu-
lence to the mean flow. The coefficient ¢, modifies
the value of eddy viscosity v, to work better than the
standard k- model.

In order to predict accurately the anisotropy of
turbulent stresses, which contributes significantly to
the generation and transport of vortices and the sec-
ondary motion and in return affects the mean flow
feature, a nonlinear stress-strain relation must be
introduced. Shih et al.” suggested quadratic stress-
strain relation, which is achieved under the con-
straint of rapid distortion theory for the rapid rota-
tion and the realizability condition. A non-linear
algebraic Reynolds-stress expression in this model
is written as:
uu, = zk& C, k—ZS
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The coefticients C,, and C, are determined from
the following relations:
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The coefficients C,;, C., ox and o; are specified
to take the same values as the standard linear model:
C,=144, C,=192, o0, =10, o, =13 (14)

(2) Numerical method

All the equations are discretized by the finite
volume method on a staggered grid system where
the grids near the spur dikes are clustered. To ensure
both accuracy and stability of numerical solution,
the convection terms are handled by a second order
and consistently formulated QUICK scheme sug-
gested by Hayase et al”. Diffusion terms are discre-
tized by the central difference scheme. The velocity-
pressure coupling is solved with the SIMPLE algo-
rithm. Convergence criteria are set such that the
maximum normalized residual of all dependent
variables is less than 107,

(3) Boundary conditions and initial conditions
Boundary conditions should be given at inlet,
outlet, free surface and wall boundaries. The veloc-
ity components and turbulence quantities are speci-
fied at inlet. At the downstream end, the longitudi-
nal gradients of all the variables are assumed to be
zero. Free surface is treated as a symmetry plane.
Along wall boundaries including bed and side walls
of channel and all faces of spur dikes, the wall
function approach is used to bridge the viscous
sublayer in order to alleviate fine grids requirement
due to high velocity gradient near wall region. Ini-
tial conditions are prepared by solving the equations
of continuity and momentum in the absence of vis-
cosity effect to reduce the total computational time.

3. APPLICATION TO EXPERIMENT

(1) Flow around an isolated submerged spur dike

Flow
>
30
zy
X

Fig.1 Flow over a spur dike (unit; cm).

— 644 —



Tominaga and Chiba® measured three velocity
components over a submerged spur dike in a straight
flume. The geometry of the flow domain is sche-
matically shown in Fig. 1. The x-coordinate is
aligned in the streamwise direction, y-coordinate in
the spanwise direction and z-coordinate in the verti-
cal direction. The flume has a length of 8m. An iso-
lated spur dike 1s located at x=4m. Flow discharge is
3,600cm’/s with a water depth of around 9cm.

Velocity profile (at x=4.05 2=0.02)
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(a) At x=4.05m, z=0.02m.
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(b) At x=4.2m, z=0.02m.
Fig.2 Plan view of the streamwise mean velocity profiles.

Flow conditions in the calculation are the same
with the experiment. The three-dimensional grid
system has 147x47x20 nodal points. Fig. 2(a) and
(b) compare the calculated streamwise mean veloc-
ity profiles among the linear Zhu-Shih k-8 model,
the non-linear k-e model and the experimental data
at two different downstream locations in the hori-
zontal plane 2cm above bed. The linear Zhu-Shih
model underestimates the mean velocity in the tip
region downstream of the spur dike (around vy
>0.15m in Fig. 2(a) and (b)). This means the under-
prediction of separation currents in the tip area of
spur dike. Since it is the separation currents that
play an important role in the local scour frequently
encountered in the tip area of spur dikes, the under-
prediction of separation currents influences the
proper estimation of local scour. The nonlincar
model yields better results than the linear model for
the velocity in this region. Behind the spur dike

where reverse current is active the predictions show
some differences with the experiment. The nonlin-
ear model predicts stronger reverse flows than the
experiment, giving a larger negative peak value
around y=0.06m in Fig. 2(a).

Velocity profile (at x=4.15, z=0.07)
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Fig. 3 Velocity profiles (at x=4,15m, z=0.07m).

Fig.3 shows the streamwise velocity profiles
downstream the spur dike in the horizontal plane
7cm above bed (around 2cm below free surface)
together with the experimental data. Again the non-
linear model gives more reasonable results with the
experiment while the linear model overpredicts the
mean velocity in the center part of the flume and
underpredicts it near both side walls.

2 e

. g > . 5
w2 s N
w/"/‘{a\\)\, NN,

T R e

RN

e, N e
hatenansaant I REEEEEENIEN NS N B St

P e L

PUTTET T
EEEEEREE
R A

—
e e e e
-—

[ S

(a) Experiment.

I

WHAHTH L

TR T T e
R R AR AR A ST A
L TR AR AR A RN ]

pm L

(b) Zhu-Shih model.

> e e ok
B e M .y S e e e e e e

— . vy

I

I R R R R A A

T
v

THITINTATNNT T
LN L
TR

(c) Non-linear model.

Fig. 4 U-W vectors near bed wall (z=0.02m).
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Fig. 4(a), (b) and (c) show the comparison of
calculated and measured U-V vectors near the bed
wall (Zcm above the bed) in non-dimensionized
form by the cross-sectional mean velocity. The ex-
periment gives the reattachment length of about 0.7
L,, where L, is the length of spur dike in spanwise
direction. The linear model and nonlinear model
predict 1.0L, and 0.8L, respectively, both overpre-
dict this length to some degree.

From the above comparison, it can be said that
the nonlinear k-& model yields more reasonable re-
sults than the linear k- model in this case.

(2) Flow around submerged spur dikes in series

The main function of spur dike is to provide
riverbank protection. In many practices, spur dikes
are arranged not in isolated way but in series to
function as a spur dike system for efficient the riv-
erbank protection. The flow structure and sediment
transport phenomena become more complicated in
this situation because of the interaction of each spur
dike flow. It is of practical importance for a numeri-
cal model to predict the flow characteristics there-
fore to support the design work of spur dikes.

The nonlinear k-e model and the linear Zhu-
Shih k-e model are applied to the flow around sub-
merged spur dikes. The results are also compared
with the experiment carried out by the authors.

Interval

Fig. 5 Flow over spur dikes in series(unit: cm).

The experiment is conducted in a straight flume
with bed slope 1/750. The flume has the length of
10m and the width of 0.6m. Many spur dikes of the
same size (3x10x5 cm’) are installed along one side
bank at same interval. Measuring section is placed
where the flow is fully developed to show periodic
characteristics. Fig. 5 shows the measuring section
between two spur dikes and the coordinate system in
the numerical simulation. Measuring items include
three velocity components by electro-magnetic ve-
locimetry and water depth by an automatic stage
probe. The flow discharge 1s 21.3 I/s with the water
depth around 8.0cm in the middle part of flume.
Three cases of different spur dike interval are tested
in the experiment. The results in one case with spur

dike interval of 20cm are presented here and com-
pared with the numerical results.
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Fig. 6 Streamwise mean velocity profiles.

Fig. 6 (a) and (b) give the comparison of the
streamwise mean velocity profiles by the two mod-
¢els with the experiment. The section x=0.0cm lo-
cates at the upstream face of first spur dike and the
section x=11.0cm stands in the recirculation region
between two spur dikes. Both are the results in the
horizontal plane at z=lc¢m above bed.

The result shows that the linear k- model over-
predicts the velocity in the tip region of spur dikes
(around y=10~20cm). The non-linear model signifi-
cantly improves the prediction in this region. The
velocity agrees very well with the experiment. The
two models, however, underestimate the velocity
and miss the peak value of mean velocity near the
opposite side wall (around y=40~60cm), which is
apparent in the measured data. The reason of why
there exists large difference in the mean streamwise
velocity in this region between the calculation and
experiment remains unclear. The appearance of the
peak value of the mean velocity near the opposite
side wall in the measured data also deserves expla-
nation. It may partly be the result of the secondary
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flow currents in this area. Strong separated flow
released from the tip face of spur dikes shift the
maximum velocity towards the opposite side wall.
This point requires further verification.
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(¢) Nonlinear model.
Fig. 7 Comparison of U-W vectors.

Recirculation flow pattern between two spur
dikes is presented by plotting the dimensionless U-
W vectors in a vertical plane (V-plane as shown in
Fig. 5). Fig. 7 compares the experimental result and
the simulated results with the two models. The gen-
eral recirculating flow pattern at the back of the spur
dike is well predicted by both linear and nonlinear
models. Compared with the flow around a single
spur dike, it can be seen that the flow feature around
spur dikes in series shows different pattern. This is
due to the effects of downstream spur dike on the
recirculation flow structure. It is natural and the ex-
periment also shows that the interval of spur dikes is
one of the parameters controlling the flow structure
for flow over spur dike system. Physical and nu-
merical models are both needed to well understand
the complex flow characteristics.

Direct comparison of the calculated turbulent
quantities, such as the turbulent kinetic energy and

Reynolds stresses, is not executed in the present pa-
per because electro-magnetic velocimetry fails to
offer the reliable experimental data of turbulent
quantities for this study case. We compared hereaf-
ter only the results between the two numerical mod-
els on the distributive feature of turbulence energy.
Based on the comparison results of the mean
streamwise velocity we can analyze the effects of
turbulence energy k on the distribution of mean ve-
locity.

Dimensionless turbulent
energy(x=11,z=1cm)
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Fig. 8 Dimenstonless turbulent kinetic energy.

Fig. 8 depicts the dimensionless k profiles by
the two models along the same spanwise line as in
Fig. 6(b). Turbulence energy k is normalized here
by the upstream mean velocity Uy, as k'=100-k/Uy”.
The results show that Zhu-Shih model yields a high
level and a sharp increase of turbulence energy k in
the tip region (around y=10cm~20cm), where it
overpredicted the mean velocity as mentioned
above. Contrarily the nonlinear model gives a lower
level of turbulence energy with a relative slight in-
crease of k in this region.

It is likely that the overprediction of the mean
streamwise velocity in the tip region of spur dikes
by the Zhu-Shih model is related to the overpredic-
tion of turbulent quantities. It has been reported that
a reliable turbulent model is indispensable to repro-
duce the flow around spur dikes accurately”, be-
cause the turbulent motion dominates the flow be-
havior in the near region. Analytically the improved
distribution in streamwise mean velocity by the
nonlinear model is attributed to more accurate rep-
resentation of Reynolds stresses.

4. CONCLUSIONS

A fully three-dimensional nonlinear k- model
and a linear modetfied k-e model are applied to
flows around a submerged single spur dike and spur
dikes in series. The results are compared with the
experimental data. The general recirculating flow
pattern at the back of the spur dike is well predicted
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by both linear and nonlinear models. The
comparison results show that the nonlinear k-
model predicts the mean velocity field around spur
dikes reasonably better than the linear model in both
cases. The reason is ascribed to more reasonable
presentation of Reynolds stresses in the nonlinear
model. The effect of spur dikes on the opposite side
wall is strong in the experiment, resulting in the
deformation of velocity profile with a peak value
near the opposite side wall. But both linear and
nonlinear model do not capture this feature. Further
improvement in the numerical model to reproduce
the complex flow feature accurately is required.
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