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ABSTRACT

The tractive shear stress in a movable bed of open channels covered
with non-submerged rigid vegetation is investigated through
experimental and numerical study. The experiments are conducted
on non-uniform flow over movable sand bed with uniform particles.
The total stress as well as tractive shear stresses are obtained from
experimental results. The threshold movement of particles is
experimentally observed wherein the flow characteristics are
measured. A relation between total (apparent) shear stress and
tractive shear stress within vegetation zone is developed based on the
measuring data. The effect of vegetation density on the critical shear
stress values is clarified. A finite difference algorithm is applied to
solve a two-dimensional mathematical model depending on
conservation of mass and momentum equations for depth-averaged
flow. A comparison had been done between numerical and
experimental results for water surface profile, total and drag
stresses, and bed tractive shear stress along the simulated flume.
The verification shows a good agreement.

Keywords: Vegetated channel flow, Movable bed, Tractive shear
stress, Threshold motion, Critical shear stress.

INTRODUCTION

he existence of vegetation in natural
streams plays a major role in the
environment of the flowing water. Also,
vegetation has a significant effect on
suppressing  turbulent motion, which
consequently lags the scour process and
protects bed surface from erosion.

parameter should be taken into
consideration.

In this study, an experimental work has
been carried out. A relation between total
(apparent) shear stress and tractive shear
stress for bed roughness is developed based
on the experimental results. The threshold
motion of sediments in the bed covered by

Several studies were proposed for
sediment discharge and turbulent structure
in vegetated channels, among of them, Inoue
et al [1], Hirano et al. [2]. The intrinsic
relationship between the total apparent
shearing force and the tractive force on bed
with vegetation is not revealed yet. Moreover,
the major parameters affecting on the
threshold motion of uniform sediment on a
flat bed can be summarized in two
dimensionless parameters; critical Shields
stress, and particles Reynolds number. For
vegetated bed, the vegetation density
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non-submerged rigid vegetation is observed
at a specific section wherein the flow
characteristics are measured. The density of
vegetation effect is considered in the
analysis. A numerical simulation is
presented for non-uniform flow over
vegetated bed. A comparison between both
numerical and experimental models leads to
a conclusion that the developed numerical
simulation model is good enough to describe
the flow and sediment characteristics in
vegetated channels.
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FLUME EXPERIMENTS

A flume measuring 20 x 0.4 m and
having depth of 0.4 m was used for
conducting the experiments in the
Hydraulics Laboratory, Saga University,
Japan. The vegetation is simulated by
vertical rigid cylinders of bamboo sticks with
diameter 0.3 cm and height of 25 cm over
area of 0.4 x 6.8 m in spanwise, z,and
streamwise, X, respectively. The sticks were
arranged in staggered shape on the sand
bed. Figure 1 shows a typical sketch of the

Sticks simUlating Vegetation

- adjusted by vertical sliding gate. Non-

experimental flume, and Figure 2 shows the
arrangement of sticks. The spacing S is
taken equal to 2.12, 3.11, and 4.24 cm,
respectively. Sand bed material was uniform
with = particle “diameter of 0.1291 cm. The
length of sand bed was 9.8 m, as shown in
Figure' 1. At the tail end, water level was

uniform  flow was allowed with several

dlocharges O and bed slope I, .
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Figure 1  Typical sketch of simulating vegetation in a flume
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Water levels along the channel were
measured by using a point gauge. Magnetic
currentmeter is used to measure  two
dimensional velocity distribution in several
cross sections along the flume with cell size
25 x 5 cm. The threshold motion of sand
particles was visualized and its location as

well as the associated water depth were .

recorded. Experimental conditions and
observations made are given in Table 1,

where 2= 1 D2 /4S2is the vegetation density, f
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S is the spacing between sticks, D is the
diameter of one stick, h. is the water de
at the threshold movement section.

parameter y, = ., 5gd is the dimensionles
critical shear stress, where u,_ is the cri
shear  velocity, gls the

of partlcles and d is the sand particles
diameter. ,
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Table 1 Experimental conditions

is under the interaction of two
opposing’  groups of forces:  The
hydrodynamics applied = forces, and the
resistance force which is associated with the
submerged weight. Flow turbulence near the
‘bed also has a significant effect on the
incipient motion of such particles. The
existence of vegetation in the bottom
significantly reduces the applied forces
because of .the  drag resistance. In the same"

: particles

suppressing. the turbulent motion near bed.

be represented by

_ 2 2 1 1)
pghle = _pui, +2pU CDDhS_, (1)
where I. is the energy gradient, p is the clear
water density, h is the water depth, and Uis
the mean velocity of flow. The coefficient Cp
is the drag coefficient for cylindrical bodies,
which may be obtained from the well-known
curve that relating drag coefficient Cpwith
Reynolds number R. = UDv, where v denotes
the fluid kinematic viscosity. The parameter

U, is the effective bed shear velocity. The
energy slope I. can be calculated from bed

slope and water surface slope I, by using the
following equation

L
I, =1, +(ib _[h)_—— (2)
gh

Based the measured data of
experiments, the total dimensionless shear

stress, y =u? /Jsgd , is calculated, where
= ’ghle . Based on Equation 1, the effective

time, it:increases_ the resistance because of "'~

The fundamental force’ baIance equatmn may
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Run in Q (cm3/se) A H.(cm) We

1 1/100 9551 0.01572 10.6 0.1814

> 1/100 12361 0.01572 13.6 0.2802

3 1/100 15617 0.01572 17.8 0.1284

4 1/150 9551 0.0073 10.0 0.0535

5 1/150 12361 0.0073 13.0 0.0694

6 1/150 12976 0.0073 13.6 0.0744

7 1/200 9551 0.00392 10.2 0.0418

8 1/200 12361 0.00392 11.3 0.0432

9 1/200 12976 0.00392 12.2 0.0476

10 1/200 15617 0.00392 15.1 0.0505

.

TRACTIVE SHEAR STRESS dimensionless shear stress for Dbed
In a flowing stream, the motion of sand roughness, y, =ul/ [sgd, 1is obtained.

Figure 3 shows the analysis of experimental
results as a relation between y and y,. This
relation seems to figure the shape of the
sigmoid function. The constants of the
function are adjusted to fit with the obtained
data. The final form of the equation is,

17 2 v s (3)
2.9 4 95 729w!

Ve =

This relation is very useful for estimating the "~ -
tractive shear stress in bed with rigid :
vegetation directly by using the measured

values of water depth h, and energy slope I.
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Figure 3 Relation between ¢ and | ¥ . N vegetated
channel
CRITICAL SHEAR STRESS

In each run, the threshold movement of

sand particles is observed at its specific

. section along the channel. By using the
proceeding Equation 1 and the experimental
data at that section, the critical shear

velocity u,_ is calculated. In Figure 4, a
relation between the dimensionless critical

(5}
jo
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2
shear stress parameter _ = ul, /sgd and 1
the Reynolds number for particles 5"
R,.=u, d/v are obtained. In the figure, the 9 .
2 °
results are compared with Shields curve for 3 il .
critical shear stress. Both vegetation density g e
and the Reynolds number for particles have 3 t « = o0157
« . . . . . 2 (o} =0.0073
a significant effect on increasing the tractive 5 s ool
shear stress. 0.01 foiipny : -
If 0.001 0.01 0.1
i Shields curve Vegetation density 1
e 2=001572
2 = 0.0073 . Figure 5 Effect of vegetation density on ¥/
B =0.00392 i

TURBULENT STRUCTURE OF FLOW OV
VEGETATED BED ]

It is fact that turbulence near bed h
great influence on particle movement
elucidate the lag of particle motion Wi

0.01 : vegetation than over flat bed, |
0.1 1 1 100 1000 dimensional velocity measurements '§
R, AR carried out at the cross-section of inci p

motion within vegetation at point C

Figure 4 Effect of particles Revnolds number on . Flgure 2. F1gure 6 shows a comp

The effect of the parameter repreSént;ng velocity turbulence intensity components.
vegetation density A is clarified in Figure.5, v and Reynolds stress IW ~for th
where the abscissa is the vegetation density 1 ; diff ‘ . ua i
A, and the ordinate is the critical shear Z}égr:ifyesangelzizse;t;]f dis c].izxgle éefel’.
stress /. - cm3/sec. In the figures, it is detected

ol turbulence has relatively low intensity
bed in all cases of vegetation, and flow
high density of vegetation has low turh
values than flow with low density.

—— A =0.01572 . —o— ) =0.01572
———  =0.0073 —e—  =0.0073
~——e— =0.00392 1 —e—_ =0.00392, | .
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Figure 6 Distribution of flow turbulence within vegetation
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Figure 7 shows that the ratio of
sverse component of turbulence

tensity vV to the longitudinal component
1 decreases for high density of vegetation.
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Figure 7 Ratio of turbulence components for different
vegetation density

NUMERICAL ANALYSIS

by a mathematical model. Continuity and
- momentum equations for depth-averaged
- flow in two dimensions are presented. In
vegetated zone, the effect of drag force due to
existence ‘of ‘vegetation is taken into
consideration during formulation.

Governing Equations

Two dimensional mass conservation
equation is presented in the following form

' oh any) | ohv) _ (4)

ot ax ¢y

in which t is the time,xand ) are the
streamwise and spanwise coordinates,
respectively, U and V are the components of
depth-averaged velocity in x and y
directions, respectively, and h is the

corresponding flow depth.
General form of two dimensional

momentum conservation equations for flow
in both directions x and y are presented as
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The flow over vegetated bed is simulated
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Fa
at X f\y (5)

£ (s, hﬂ)
; L Y oax

J'\', h(ﬂ/-+fLJ} — S L
L \ J

in which v, is the eddy kinematic viscosity =
(K 6)u.h, K isKarman constant~ 0.4, and

U. is the shear velocity which can be
obtained from the following equation

w =L vy (7)

8 5o
where f is Darcy-Weisbach friction factor
which is equal to 8gn? /h'/?.

In the numerical scheme, applying

Manning coefficient as a friction factor of
vegetated bed gave under-estimated values
for bed shear stress. Hence, a new coefficient
for bed roughness in vegetated channel is
developed by using regression analysis for
the obtained data from experiments. This
coefficient is a function of vegetation density,
the Reynolds number for flow and equivalent
roughness ratio. The obtained equation
yields,
2:3 =175

f = 00035 Re (8)

(h/x,)*°
where R. is the Reynoids number Uh/ vand
ks is the equivalent bed roughness which is
equal to sand particle diameter d. The
parameters 7T,x and T, are the bed shear
stresses which may be represented by
roughness coefficient as follows:

[lb_i) - é(U,V),/UHV" ()

PP

[O%]
(o))
W
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The parameters Fy and F, representing
the drag forces can be related to vegetation
density » by the following equation

(F,.F,) = %CD}.l(U,V)./UQ-rVQ (10)

where 7, = Dh/S?h =D/S?is the projected
area of the plants per unit volume of water,
and Cp is the drag coefficient which is
related to the Reynolds number R., and may
be obtained from the well-known curve that
relating drag coefficient Cp with Reynolds
number for cylindrical bodies.

Numerical Procedure

The presented equations are solved by
using finite difference method. The utilized
scheme 1is the explicit staggered grid
scheme, which is named Leapfrog scheme,
Ito [3]. The grid mesh sizeis Ax=0.0lm
and Ay = 0.005m. The channel length for
simulation is L = 8 m in total; the lengths of
the upstream non-vegetated partis 1.2 m,
while the vegetated partis L,=6.8 m. The
boundary conditions are the unit discharge
q at x= 0, thewaterdepthhatx=8m,
and the slip condition of velocity at the side
walls. The friction coefficient and the drag
coefficient are obtained from iteration
technique. The obtained results are the
water surface profile along the channel, the

depth average velocity in two directions, the

total resisting force, the drag force, and the
tractive: shear stress along the channel. A
typical computer run required 6~7 hours of

CPU time on a personal electronic computer

with speed of 500 MHz.

COMPARISON BETWEEN NUMERICAL AND
EXPERIMENTAL RESULTS

The calculated results for water surface
profile along the channel are compared with
measured results in Fig. 8. In the figure, the
abscissa is the longitudinal distance in the
channel, x from upstream to downstream.
The ordinate is the corresponding water
depth, h. A good agreement is noticed
between the predicted water levels and the
observed data.
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Figure 8 Comparison between c)alculated and
measured water surface

In Figure 9, another comparison is done
between both the numerically calculated
total resisting force, ghl. and vegetation drag
force, F; along the channel versus their
corresponding measured values for eel
examples of vegetation density. Figure 10
shows the agreement between numerically
calculated and experimentally obtained
tractive shear stress . for three runs of one
case of vegetation density. The companson 1
gives a good agreement.
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Figure 9 Comparison between numerical and
experimental resisting forces
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Figure 10 Comparison between numerical and

experimental values of yc



CONCLUSIONS

A flume experiments were carried out to
examine flow over vegetated bed. The
obtained results are used to calculate the
total resisting forces and to estimate the bed
 tractive shear stress. The relation between
both parameters is formulated. This formula
can be used for the determination of
sediment discharge within  vegetated
channels in further studies. -

The critical shear stress values in
vegetated streams are not the same values of
flat bed streams. A relation between critical
shear stress and Reynolds number for
particles is presented. The effect of
vegetation density on that relation is
obviously illustrated. More experiments are
strongly needed to complete the study of the
change in critical shear stress for a wide
range of Reynolds number values and
- vegetation density.

A numerical model, based on the fluid
dynamics equations for non-uniform two-
dimensional flow, is presented. The results
showed that, this model is a powerful tool to

A ol U:Jl
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estimate the surface water levels, mean cross
sectional velocity, drag force due to existence
of vegetation and tractive bed shear stress
along the channel.
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