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ABSTRACT

In an open channe! with vegetation zone, an organized motion accompanying the water-surface
fluctuation takes place and it contributes the lateral mixing. Such an organized motion is in low-
frequency and in phase along the depth, it causes lateral component of the bed-load transport as well as
suspended sediment, which fluctuates and the net component appears. After modeling the flow
properties based on the experimental results, the alternate transport of bed load in the lateral direction is
described with non-equilibrium transport model to explain the sand ridge formation along the interface of
the vegetation zone.

INTRODUCTION

Recently river improvement projects must meet the desire of the people for more natural
environment, and some vegetation areas are preserved in rivers. Some plants often form longitudinally
continuous zones of vegetation (for example, bushes of willow), and such vegetation zones often
provide ecologically or environmentally favorable spaces. During floods in such a river with vegetation
zone, the water flows even in the vegetation area, and it influences the flow in the main water-course. It
causes the lateral mixing due to coexistence of the faster flow in the main channel and the slower flow in
the vegetation zone neighboring to each other. The momentum exchange brings about the increase of the
resistance, and the lateral flux of mass or the sediment brings about river morphological change. In
particular, the deposition of sediment in the vegetation zones promotes the growth of the vegetation
areas. In this study, the flow and the sediment transport in a channel with vegetation zone are
fundamentally studied with particular reference to the organized fluctuation with low frequency. A
quasi-uniform flow with depth smaller than the vegetation height with bed-load transport is treated in
order to extract the basic mechanism.

By laboratory experiments, Fukuoka & Fujita (4) and Tsujimoto & Kitamura (7, 8, 11) found an
appreciable water-surface fluctuation, and an organized motion related to this water-surface fluctuation
was focused on. Chu et al. (1) and Ikeda & Ohta (3) tried to explain the appearance of such an
organized motion as an instability of horizontal shear flow; while Tsujimoto & Kitamura (9) as an
instability of an interrelating system constituted by the water-surface fluctuation and the lateral velocity
fluctuation.

In this paper, the following idealized situation (see Fig.1) is treated: The vegetation is idealized as
group of cylinders with a constant diameter set on the bed at the equi-spacing, and the zone along the
side wall of the channel is to be vegetated. When the whole bed is covered by the vegetation and the
flow depth is smaller than the vegetation height, the characteristic velocity Uso appears in the vegetation
zone and it is written as

Uso=KsVI 1)
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K represents the hydraulic characteristics of the - oy
vegetation layer, and J=energy gradient. When the
group of cylinders represents the vegetation, Ks is
given by

<

‘vegetation

’ 0
Ks= %% (2) zone >\

non-vegetation zone
in which Cp=drag coefficient; D=diameter of >
cylinders; s=interval between the centers of cylinders; Fig.1 Model channel with vegetation zone
and g=gravity acceleration.

OPEN-CHANNEL FLOW WITH LONGITUDINAL ZONE OF VEGETATION
Characteristics of Flow with Vegetation Zone in Laboratory Flume

Quasi-uniform flow with the depth smaller than the vegetation height in the idealized channel
illustrated in Fig.1 was studied experimentally. The experiments were conducted in two flumes. One
was 12m long and 0.4m wide (flume-a), and another was 12m long and 0.5m wide (flume-b). The K
values of the model vegetation were as follows: A: Ks=295cm/s, B: Ks=234cm/s, C: Ks=120cm/s, and
D: Ks=137cm/s, E: Ks=172cm/s. The properties of model vegetation are shown in Table 1. Model
vegetation A, B and C were set in the flume-a, and D and E were set in the flume-b. The experimental
conditions are summarized in Table 2, in which Bs=width of vegetation zone; ip=longitudinal bed slope;
ho=mean water depth; Uave=bulk velocity; Ux=velocity at the interface between vegetation and non-
vegetation zones (depth-averaged); Ce=resistance coefficient of main course and 2=CpDho/(252). The
velocity measurements were conducted by a micro-propeller currentmeter and a small electromagnetic
currentmeter in the flume-a, and a hot-film anemometer in the flume-b. The water-surface fluctuation
was measured by capacity limnimeters. The outputs from the instruments were recorded to floppy disks
(sampling frequency: 20Hz, number of samples: 1,024 ), and they were statistically processed by a
computer,

Table 2 Experimental condition

Table 1 Properties of model vegetation RON THame [B 1o 5 TOme T0r TG o T
- em) | xigd{em) | (envs) |(eavs) [(x10%) rement
uality of | diameter | height spacin; number of Al a - 4.57 1320 120.1 13 -050 |P.E
modef g;aleri{n! D(em) K(Em) s?:cm)g cylinder at | Ks (em/s) B1 a .28 127 6. - 0. P.E
5 ane point . B2 a . .22 123.7 4. 4. 0.087 1P .
A bamboo | 0.15 4.6 2.8 1 295 B a .68 15138, N 0112 IPE
B bamboo [0.15 4.6 2.0 1 234 B4 a B4 1423 |33, 4. X 0114 {P.E
[ vinyl 0.02 5.0 1.0 4 120 C a 2 85 14.38 j22. : .. 288 | PE
chioride 1D b 25 1149 }13.65 {20 . N .183
D 6-6 nylon! 0.1 4.1 1.0 1 137 D b 25 .50 .82 124, 3 4. X
E bamboo {025 0.0 2.0 1 172 D! b 25 .87 .87 127, X 3. 194 1 H
. E 25 0.0 14.10 139.0 |28 8. 136 | H
#P:micro-propeller currentmeter

E:clectromagnetic ancmometer
H:hot film snemometer

Figure 2 shows the lateral distributions of the velocity (), the standard deviations of longitudinal
and lateral velocities (4rms and wrms), the Reynolds stress in the lateral direction (#w), and the standard
deviation of water-surface elevation (rms). From these figures, one can recognize the transitional zone
(interfering zone) where the lateral gradient of velocity, the turbulence intensity, the Reynolds stress in
the lateral direction and the variance of the water-surface fluctuation show high values.

Simultaneous measurements were conducted with an electromagnetic currentmeter and a
limnimeter as shown in Fig.3, and we obtained time series of the water-surface elevation /' (), and the
longitudinal and lateral components of velocity, u(f) and w(¥), as shown in Fig.4. The fluctuations arc
rather regular and in low frequency. The dominant period is a few second. And, they are strongly
correlated to each other. We can recognize obvious phase shifts among them as shown in F ig.5.
Simultaneous measurements of the water-surface fluctuations at two different points in the same cross-
section were also conducted with two limnimeters, which clarified that the fluctuations in the same
cross-section are in phase as shown in Fig.6. Simultaneous measurements were conducted also at two
different points on the longitudinal axis, which clarified that the fluctuation is rather convective with the
propagation celerity almost equal to the flow velocity near the interface between vegetation and non-
vegetation zones, as suggested by a strong cross-correlation and the temporal shift of the peak of the
cross-correlation coefficient in Fig.7. Furthermore, simultaneous measurements of the water-surface
and local velocity were conducted, and it clarified that the correlative characteristics among them
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(correlation coefficient and phase shift) hardly vary along the depth. It suggests that low-frequency
organized fluctuation is still effective near the bed.

Fig.2(a)
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The results as shown in Fig.5 are arranged as Fig.8, where the cross-correlation between/' and
W, Yhw, and that between w and u, Ywuare plotted against the lateral coordinate. According to this
figure: ¥nw is around 3m/2 through the cross section; Y. is around 7/2 in the vegetation zone and 37/2
in the non-vegetation zone, while around 7 in the interaction zone between vegetation and non-
vegetation zones. The relation ¥.=7 implies the most efficient exchange of momentum. One can
conclude that the momentum exchange near the boundary of the vegetation zone is mainly contributed to
by two-dimensional organized motion in low frequency associated with the water-surface fluctuation.
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Simplified Description of Flow with Vegetation

Based on the flume experiments (see Fig.2(a)), the following exponential-type distribution is
adopted for U(z), which is deduced from an analysis of a horizontal shear flow with a constant eddy

viscosity.
U =1+ (\/; -l)cxp(-gzg) (z=0); Uft=vy+ (\ﬁ; -Y)exp(f;) (z=0) 3)

in which |
U [ b s b [ o
" Umo N > h-N72 G 5 = N7z @)@

in which U*=U/Umo, Uno=V 1/Cruxo=flow velocity in main course unaffected by vegetation zone;
Ce=resistance coefficient of main course; u*oi\/ghol; ho=mean flow depth; bm, bs=effective width of

shear flow regions in main course and that in vegetation zone, respectively; 2=CpDho/(2s%);
epms=EM/(ux0h0); and Env=kinematic eddy viscosity. Ikeda et al. (2, 3) assumed the following equation

to evaluate the kinematic eddy viscosity.

_l!l-}’“bnﬁ-bs!
M= ko ®)

in which f is an empirical parameter and is often termed "mixing coefficient." The model expresses the
experimental results of the lateral distribution of primary velocity if one chooses the f-value properly.
The values of f determined by fitting for the respective velocity profiles are plotted against ¥ in Fig.9.
The solid curve in the figure is an empirical formula by Ikeda et al.(2, 3) written as follows:

F = 0.035exp[-2.95exp(-3.87)] (6)

When the shear flow regions in the main course and the vegetation zone are respectively one-
dimensionalized and the lateral velocity fluctuation at the interface (z=0) is approximated by a sinusoidal
wave with the amplitude wo, the interfacial shear between the main course and the vegetation zone, Tiny,
is given by averaging the lateral momentum flux during one period of fluctuation as follows:

Tint _wo(Um-Us) _1-y
0 = p = o WOUmo (7

in which Um, Us=mean velocities of the mixing zone in the main course and the vegetation zone,
respectively; and Eq.3 has been applied to obtain the right hand side of Eq.7. On the other hand,
Tint=0 &m°dU/dz | =0, and substitution of Eqs.3 and 6 into it also gives an expression of Tint.
Comparing it with Eq.7, one obtains the following relation between f and wo:

wo/Umo = 7e(1-y)f (8)
One can expect that wo=wmg0). The amplitude wop estimated by Eqs.8 and 6 is well consistent to
wrms(0) obtained experimentally as shown in Fig.10. Moreover, Fig.11 demonstrates the applicability
of Eq.8.

The lateral distribution of wims is approximated by the following equations according to the
experimental results.

{Wrmsvo+[WrmiO)‘Wrms°°] 'CXP{-(Z/bm)zl (ZZO)
wrmsz) =

wims(O)exp| -z/bs)?] (2<0)

®)
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in which wimse=the value of wrms in main course unaffected by vegetation (w m;sms\/aUmo) .
Based on the above-mentioned scenario is employed where only Eq.6 has been assumed, the
depth-averaged flow characteristics are described when the parameters Ct and £2 are given.
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BED-LOAD MOTION NEAR THE INTERFACE BETWEEN VEGETATION AND NON-
VEGETATION ZONES AND SAND RIDGE FORMATION

Simplified Description of Bed-Load Transport near Vegetation Zone

The lateral velocity fluctuation (w) is here
approximated as an alternation of wrms and -wyms as shown
in Fig.12, and subsequently, the trajectory of a bed-load
particle changes with a deflection angle ¢1 and ¢2 against
the x axis (the subscripts 1 and 2 imply the values during )
w>0 and w<0, respectively). During one period of the
low-frequency fluctuation, ATy, w>0 during one half
period of it, and w <0 during the other half of it. When the
non-equilibrium bed-load transport model proposed by
Nakagawa & Tsujimoto (5) is applied along the trajectory
of bed-load motion, the amount of sediment, gpzAT1/2, given by the following equation is transported

laterally during each half period:

real fluctuation
approximation

twrms / \ 1
v

Wrms

P

Fig.12 Model for wit)

ATy ATy

awey 35 = (1) 52 [psercyiyems] - gt o (10)

in which ggz=lateral component of the non-equilibrium bed-load transport rate during each half period;
Jj=subscript to represent the sign of w (w>0 for j=1; w<0 for j=2); A2, A3=two- and three-dimensional
geometrical coefficients for sand; d=sediment diameter; ps=pick-up rate (probability density per unit time
for a sand particle to be dislodged); A=step length of bed-load motion; and it has been assumed that the
step length follows an exponential distribution. Because the pick-up rate at z-£ and that atz+Z arc
different from each other, gBz1(z) and gB22(2) are not necessarily in balance even if |¢1(z) |=]¢2()].

The net lateral transport rate of bed load, gp/®(z), is given as follows:

ATy

A
gr"2)ATL = qul(Z)*—z:LL + B2 (11)

netyy 43 & 4
B Y(z)= 24 ZJ {ps(z-C)cxp[-msin 516) ]-ps(z+{,’)<:xp[———~T~~-—TASirl 422) ]}dé’ (12)
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When the lateral bed slope is not large, the direction of bed-load motion is related to the flow direction 8
and the lateral bed slope 8, as follows (Nakagawa et al.(6)). ~

tanf 13)

tang = —= NPy + tanf

in which T*sugt«/T; pe=friction coefficient of sand; T«=u+2/[(0/p-1)ed]; us=shear velocity; o,
p=mass densities of sand and water, respectively; and 7xc=dimensionless critical tractive force.

In case of flat bed, #(z)= | #1(z) | = | #2(z) | because the direction of bed-load motion follows the
flow direction, and thus, Eq.12 is rewritten as

gEMe(Z) = 42A—3‘§J [ps(z-Q Ds(z+ C)] exp {- m}ﬂ@ (14)

The pick-up rate ps in Eq.12 is expressed as Taylor's expansion with respect to £ as follows:

2
P10 =ps@) + (L + S B e as)

When the bed shear stress is larger than the critical tractive force and the lateral change of ps is
approximated in a linear form, the higher order terms of & is neglected, and substituting Eq.15 into
Eq.14 leads the following simple expression.

ar) = AL 1) (16)

This is a rough expression but one can easily understand the fact that there is a net flux of bed-load
toward the vegetation zone to form the lateral bed slope. The lateral bed slope suppresses the lateral bed-
load flux according to Eq.13 and the lateral bed profile reaches an equilibrium. Under ordinary”
conditions, the net transport rate of lateral bed-load motion should be calculated based on Eq.12 directly
with aid of numerical method.

Calculated Results of Lateral Bed-Load Transport

Based on the model of this paper, the net flux of lateral bed-load transport is calculated. The
conditions are as follows: The vegetation layer is characterized by the parameter £2; the bed materials by
d and o/p; and the hydraulic condition by the undisturbed Froude number, Fro= UmoNgho and the
relative roughness, d/o. When a flat bed is considered, Manning-Strickler's equation is applied to
estimate Ct from Frg and d/ho. The direction of bed-load motion on a flat bed is given as follows:
sing (z)=wmdz)/[U(z)], where Egs.3 and 9 are applied to estimate U(z) and wrms(z). The shear
velocity, ux(z), is estimated from U(z) by assuming that Ct is constant, and the dimensionless bed shear

stress, T, is evaluated as follows:

ux0? __ CtFro? 17
(olp-1)gd ~ (0/p-1)(@/ho) | 7

Then, the pick-up rate is estimated by using Nakagawa-Tsujimoto formula (5), which is writtcn as
follows:

Tx( =

0.7T+c\3 ;
___Ps______ 003-(*(1- T**C) . 4 (18)

V(o/p-1)g/d

While, the mean step length is assumed to be 100 times sand diameter.
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Figure 13 shows the calculated examples of net lateral transport rate of bed load with changing the
parameters, Fro, d/ho and £2, where the solid curves correspond to the results obtained directly by Eq.12
with the aid of numerical method while the dashed curve to an approximation by Eq.16. The graph is
depicted inthe dimensionless forms, where gBz#"*'=gr."/gB0; gB0=(A43/42)psoAd=longitudinal bed-
load transport rate in the main course unaffected by the vegetation; and zg=z/ho. Eq.16 cannot provide
an accurate result where the bed shear is near the critical tractive force.

Tr=ETre

eq.(12) t'—;r'c — &q.{12)

Fig.13 Calculated net lateral transport rate of bed-load
Comparison with Flume Experiments

Movable bed experiments with uniform sand were conducted in the laboratory flume (flume-b with
model vegetation-E), where £2=0.157; Fro=1.44; and d/ho=0.021 (d=0.088cm, ho=4.1cm, D=0.25¢cm,
s=2cm, Ks=172cm/s). The movable bed was initially flattened, and the measurement of the sediment
transport was finished before the bed undulation became appreciably large. A sediment trap as
illustrated in Fig.14 was devised to measure the lateral flux of bed load for both directions separately.
The measured values of net lateral transport rate are plotted in Fig,15 with the calculated curve and it has
been verified that the present model can predict the lateral transport rate of bed load with good accuracy.

The bed geometry at 10min after introducing the flow over the initially flattened bed is shown in
Photo 1, where a sand ridge parallel to the longitudinal axis near the interface in the vegetation zonc is
clearly seen. The measured lateral bed profile, yb(z)/ho, is shown in Fig.16, where the calculated
3gB"Y/dz is also plotted, which is expected to be proportional to (-dyb/df). The observed bed profile is
more gradual than the profile estimated from the calculated distribution of dyb/d¢ under the assumption
of a flat bed. It is caused by the change of the direction of bed-load motion due to the gravity by the

lateral bed slope.
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CONCLUSION

The flow near the interface between vegetation and non- vcgctatlon zone is characterized by
organized fluctuations of the water-surface and the longitudinal and the lateral components of velocity,
and such fluctuations contribute to the lateral exchanges of momentum and mass. The frequency of such
fluctuations are so low and the lateral velocity fluctuation is so intense even near the bottom that it affects
bed-load motion. The appearance of net flux of bed load in lateral direction is expected by applying non-
equilibrium transport model, and it explains a longitudinal sand ridge formation.
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APPENDIX - NOTATION

The following symbols are used in this paper:

Az, Az = two- and three dimensional geometrical coefficients for sand;

Bs = width of vegetation zone;

bm, bs = effective width of shear flow regions in main course and that in vegetation zone;
Cp = drag coefficient of vegetation;

Ct = resistance coefficient of main course;

D = diameter of cylinders;

d = sediment diameter;

Fro = undisturbed Froude number;

f = mixing coefficient;

g = gravity acceleration;

ho = mean water depth;

G = time series of the water-surface elevation;
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= standard deviation of water-surface elevation;

= energy gradient;

= longitudinal bed slope;

= proportionality constant; ;

= pick-up rate (probability density per unit time for a sand particle to be

~ dislodged);

= longitudinal bed-load transport rate in the main course unaffected by the
vegetation zone; ;

= lateral component of non-equilibrium bed-load transport rate;

= net lateral transport rate of bed-load;

= dimensionless net lateral transport rate of bed-load,;

= interval between the center of cylinders;

= dimensionless parameter;

= time;

= mean primary velocity (depth averaged value);

= dimensionless mean primary velocity (depth averaged value);

= bulk velocity;

= velocity at the interface between vegetation and non-vegetation zones (depth-
averaged)

= averaged velocities of shear flow region in main course and vegetation zone;

= mean primary velocity in main course unaffected by vegetation zone;

= characteristic velocity in vegetation zone;

= shear velocity;

= friction velocity in main course unaffected by vegetation zone;

= time series of longitudinal and lateral components of velocity;

= standard deviation of longitudinal and lateral components of velocity;

= Reynolds stress in lateral direction (depth averaged value);

= amplitude of sinusoidal wave;

= depth averaged value of wrms in main course unaffected by vegetation zone;

= longitudinal, vertical, lateral coordinates;

= elevation of bed;

= dimensionless z axis;

= flow direction;

= period of low frequency fluctuation;

= kinematic eddy viscosity;

= dimensionless kinematic eddy viscosity;

= deflection angle of trajectory of bed-load particle againstx axis;

= 1atio between characteristic velocity in vegetation zone and mean primary
velocity in main course unaffected by vegetation zone;

= mean step length of bed-load motion;
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= friction coefficient of sand;

= lateral bed slope;
= mass density of water;
= mass density of sand;

= temporal shift of peak of cross-correlation coefficient;

= interfacial shear stress between main course and vegetation zone;

= dimensionless tractive force;

= dimensionless critical tractive forcc;'

= dimensionless tractive force in main course unaffected by vegetation zone;

= dimensionless vegetation density;

= longitudinal distance of pair of measuring points;
= phase shift between w(Z) and &' (2);

= phase shift between u(z) and w (¥);

= phase shift between u(z) and &' (¢); and

= distance along z axis.
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