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This study aims at revealing the flow structure on turbulent flows in a partially vegetated open
channel where the width of vegetation zone changes as a sine-generated curve. Three-dimensional
numerical simulation was carried out with the standard k-¢ model to explore the distribution of mean
velocity and turbulence structure in the main channel and the vegetation zone under both emergent and
submerged vegetations. The numerical results were compared against experimental observations in terms
of mean velocities and Reynolds stresses, showing a fairly good agreement between simulated results and
experimental results. The effect of change of vegetation density on flow structure was observed.
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1. INTRODUCTION

Rivers and streams are usually in close
association with vegetation. Natural rivers are
mostly meandering and vegetation can occupy
nearly every geomorphic position within the fluvial
environment. Vegetations in and near streams are
subjected to varying flow stages that can inundate
vegetation during high flow events or leave it
exposed during low flow events. Riparian
vegetation can play a critical role in the physical,
ecological, and hydraulic functions of streams and
rivers. Vegetation can affect the transport of water,
sediment, and nutrients both within the channel and
to or Dbetween the riparian zones. The
characterization of not only the mean flow, but also
turbulence structure and the associated transport
processes in presence of vegetation, has received a
lot of attention in the last decade”. Thus, the
characteristic of turbulent flow over a vegetation

layer is one of the most fundamental topics of
hydraulics of flow with vegetation”. Mean flow and
turbulence characteristics of open channel flow with
vegetation are studied through laboratory
experiments and numerical computations. The k-
model is the most commonly used two equation
model in engineering and has proved to be a reliable
tool in a wide variety of problems in hydraulic and
environmental engineering”’. But none of the
existing turbulence models are truly universal and
thus, each model needs to be tuned to specific
flows®. Using the ke model, Shimizu and
Tsujimoto® simulated the vertical distributions of
the development of mean and turbulent flow
structures. Lopez and Garcia” also computed flow
structures of vegetated open channel and compared
the calculated results with their experimental ones.
Choi and Kang” explained the performance of
Reynolds stress model, algebraic stress model and
the k- model for vegetated open channel flow
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Fig.1 Measurement sections of meandering channel (plan view).

simulation.

The present study shows an application of the
standard k- model to  calculate  the
three-dimensional flow structure of partially
vegetated open-channel flow. The governing
equation is spatially averaged and the effect of
individual roughness elements has been taken into
account by an averaged local drag force. The
computed result has been compared with the
laboratory measurement by the authors® for two
different vegetation densities and the values of
model coefficients have been discussed.

2. EXPERIMENTAL SETUP

The experiments were conducted in a straight
rectangular flume whose length and width are 22.0m
and 1.82m, respectively. The length of vegetation
zone is 11.0m. The vegetation is idealized with
wooden rigid cylinders of 3mm diameter and S5cm
height. Three mean velocity components were
measured by two-component electromagnetic
current meters (both L-type and I-type). Vegetation
zones were prepared on either side of the channel in
meandering shape. The meandering wavelength is
2.2m with the sinuosity of 1.10. There are five
complete waves along the 11.0m long vegetated
zones. The measurements were carried out at the
downstream section (about 8.35m from the tailgate)
over half wave length at the points S/=12.55m,
S§1'=12.85m,  §2=13.1m, S$2'=1335m  and
$3=13.65m. The equations of the interface curves
are Z =0.21sin(2m/1)+0.434 and
Z =0.21sin(2x/1)+1.385 . Fig.1
partially vegetated meandering channel depicting
the measurement sections. Fig.2 shows the layout of
the flume. The channel geometry and the flow
conditions are summarized in Table 1. Flume
measurement was carried out with two different
vegetation densities, A=0.13/cm and 0.033/cm
respectively.

shows the

Fig.2 General layout of the meandering channel.

Table 1 Experimental conditions for meandering channel.

. Flow Vegetation .
Case Bed Discharge Depth density Vegetation

Slope [Vs] [cm] [1/em] Condition
Al 9.3 0.13

1/633 55.0 Submerged
A2 8.3 0.033
Al 43 0.13

1/633 185 Emerged
A2 4.2 0.033

3. MATHEMATICAL FORMULATION

The numerical calculations were conducted
using the standard k-e model. The computer code
calculates hydrodynamics for three dimensional
geometry. Here averaged equations in both time and
space dimensions have been used. The vegetations
are uniformly distributed on either side of the
channel in meander form with the adjacent
vegetation stem distance /. and /, in x and y
directions, respectively. The basic equations for the
standard k- model are as follows:

Continuity equation:

ouU,
—=0 la
o (la)
Momentum equation:
oU, oUU, 1 oP o°U,
—L+ =g ———+v——
ot Ox, pOx;  Ox;0x;
aui_uj (16)
Ox,

J

Reynolds stress component:
S ou. oU. 2
—u.u, ZV;[_l"‘ jj——ké'ij (le)

Eddy viscosity:
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Production of turbulent kinetic energy:

—oU., - oU, | oU,

sz—uiujgzvt aU’+ L——
Ox; ox; Ox ox

O
Drag force due to vegetation per unit volume of
water:

(lg)

i J

1
F. =ECDAUI. U,U, (1h)
where Cj is drag coefficient, A is vegetation density
defined by

=2 (1i)
1,
The model constants are”: C,=0.09, 0,=1.0, 5,~1.3,
C,;=1.44 and C,=1.92. The model coefficients
Cs=1.0, C;=1.33 suggested by Lopez and Garcia K
have been adopted considering the result of model
calibration.

The basic equations are discredited by Finite
volume method. The convective term has been
discretized by Power-law scheme and the SIMPLE
algorithm has been used. At the bottom and near the
side walls “wall function” technique has been
implemented. The wall boundary conditions for U, k
and ¢ are applied at a point Z=Z, adjacent to the
wall and in the log-law region. The region between
point Z, and the actual wall is related by the
following relationship®:

U ZU. 2 ;
p=lln(Er v J ksz_* Y
KZP

Uk Jo o

where E, is the wall roughness parameter, £,.=9.0 for
smooth wall and E, =30/U.k, for hydraulic rough

wall. In this study, bed roughness has been
considered, where, the equivalent roughness height
k=1 mm.

At the inlet all variables are specified to have
constant values whereas at the downstream end the
longitudinal gradients of all variables are assumed
to be zero. Free surface is treated as a symmetry
plane.

4. EXPERIMENTAL AND NUMERICAL
RESULTS

The present k-¢ model can reproduce all the
cases of both the series R and A, simulated by
Shimizu and Tsujimoto”, adopting the value of
Cp=1.0 and C;=1.33. The value of Cp has been
determined by the trial and error method. For
4=0.033/cm and 0.13/cm, Cp =0.65~1.0 has been
considered for submerged and emergent vegetations.

Flume experiment was carried out for both the
submerged and emerged cases with two different
vegetation densities to get a clear vision of the flow
structure and these experimental results are
compared with the simulated result.

(1) Mean flow and turbulent stresses for
submerged vegetation

Flow in meandering cannel has complex
behaviors. Fig.3(a) and Fig.3(b) show the U velocity
contours at the section S/ for both the experimental
and calculated result of two different densities. It
gives the qualitative view of the cross sectional flow
structure. The maximum velocity region of primary
velocity U is shifted toward the inner curve side,
which can be explained by the pressure-driven
V-velocity over water depth.

Fig.4 describes the U-velocity and U, V-velocity
vector distribution at Z=3.2cm. It has been observed
that inner apex has higher velocity than the outer
one and the velocity vector directs toward the main
channel from the inner curve. Similar phenomenon
was also observed by flow visualization.

Fig.3(a) U-velocity (cm/sec) contour of submerged
vegetation for Case Al, at section S/, Upper: Experimental
result, Lower: Calculated result.
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Fig.3(b) U-velocity (cm/sec) contour of submerged vegetation for CaseA2, at section S/,
Left: Experimental result, Right: Calculated result.
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Fig.4 Distribution of U, V-velocity of submerged vegetation for CaseAl, Left: Experimental result, Right: Calculated result.
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Fig.5 Experimental and calculated vertical distribution of U-mean velocity for submerged vegetation.

Fig.5 shows the vertical U-velocity distribution
for two different vegetation densities. The
comparison has been made along the three
measuring sections and at two different measuring
points, located in the meandering vegetated region.
There is a good agreement between the calculated
result and the flume measurement. With the change
of vegetation density the qualitative as well as
quantitative change in U-velocity profile can be
observed. Spanwise distribution of simulated
velocity profile also shows a good agreement with
the experimental result.

The performance of the present numerical model

was tested concerning Reynolds stresses. Fig.6 and
Fig.7 explain the vertical and spanwise distribution
of Reynolds stresses, respectively. Spanwise
distribution of Reynolds stress shows the profile of
Scm above the bed. It has been observed that the
maximum positive and negative values of Reynolds
stresses occur at the same position of the flume, i.e.
at the interface of main channel and vegetated zone,
which indicates the two inner curves of the left and
right vegetation zone (considering half wave
length). It indicates that the shear becomes dominant
and the strongest along the inner curves in the main
channel. It can be said that with the increase of
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Fig.6 Experimental and calculated vertical distribution of Reynolds stress profile for submerged vegetation.
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Fig.7 Experimental and calculated spanwise distribution of Reynolds stress profile for submerged vegetation.
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Fig.8(a) U-velocity (cm/sec) contour of emergent vegetation for Case Al, at section S3.
Left: Experimental result, Right: Calculated result.
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Fig.8(b) U-velocity (cm/sec) contour of emergent vegetation for Case A2, at section S3.
Left: Experimental result, Right: Calculated result.

vegetation density the Reynolds stresses increase.
According to Choi and Kang”, for open-channel
flows with submerged vegetation, RSM can predict
the mean velocity and turbulence quantities better
than algebraic stress model or the k-¢ model. This
limitation has been overcome in the present study.

(2) Mean flow and turbulent stresses for
emergent vegetation

The flow structure has also been observed for
emergent vegetations with different densities. Like
submerged vegetation, emerged case also shows a
reasonable agreement with the model calculation.

Fig.8 gives a picture of the impact of change in
vegetation density and also makes a qualitative

comparison between laboratory experiment and
numerical simulation. It has been observed that the
model could nicely represent the presence of
vegetation, though mean velocity was slightly
underestimated within the vegetation zone and over
estimated in the main channel, especially near bed.
This discrepancy can be explained by the concept of
Choi-Kang” and Tsujimoto et al.”, claiming that the
model coefficients, Cy and Cj have to be tuned to
specific flows. The model coefficients in the present
study have been calibrated with the submerged
vegetation. Hence in case of emergent vegetation,
another set of model coefficients should be
introduced to obtain better results.

Fig.9 shows the spanwise distribution of
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Fig.9 Experimental and calculated spanwise distribution of Reynolds stress profile for emergent vegetation.

—A—Calculated(A1) 60 —a— Calculated(Al)

——Measured(Al) 50 ——Measured(Al)
Calculated(A2 40 Calculated(A2

—a— Calculated(AT)
50 ——Measured(Al) 30
£0 Calculated(A2 40
. A | @
= 2
EEU E 30
= = 20
=~ =]
= 20 -
10 10
0 0
0 50 100 150 200 0 S0 .
Y (cm) Y

100 150 200 0 50 100 150 200
(cm) Y (em)

Fig.10 Experimental and calculated spanwise distribution of U-velocity profile for emergent vegetation.

Reynolds shear stress. Here it can be observed that
with the increase of vegetation density the spanwise
Reynolds stress increases in terms of positive and
negative along the two inner apex of the meandering
wave. The calculated result has a reasonable
agreement with the measurement.

Spanwise distribution of U-velocity can be
observed in Fig.10. Both the measured and
calculated points are located at 3.2 cm above the
bed. The calculated result has a good agreement
with the measured one. It can be observed that
with the increase of vegetation density the velocity
slope at the interface of main channel and the
vegetation zone becomes steeper.

5. CONCLUSION

Flume experiments were carried out for
turbulent open channel flows at the presence of
meandering shaped vegetation under both
submerged and emerged conditions. Numerical
simulations were also performed with the standard
k-& model with the vegetation model in the transport
equations for k and ¢. Comparisons between the
measured data and the numerical results have led to
the following findings.

+  The present k- ¢ model can reproduce the mean
velocity field fairly well.

The U-velocity increases in the main channel and

decreases in the vegetation as the vegetation

density increases, resulting in the increase in the
vertical and spanwise Reynolds stresses at the
vegetation interface.

The maximum velocity region of U-velocity is

shifted toward the inner wave due to the pressure

driven secondary flows over water depth.

The present numerical model can predict the
flow structure for submerged vegetation
satisfactorily, with some discrepancy in case of
emergent vegetation. This infers that another set
of model coefficients, Cy and C is needed for
better agreement with the measurement for
emergent vegetation.
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