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ABSTRACT

Open channel flow over a rigid vegetation-covered bed was studied. The vegetation is simulated
by cylinders of the same height and diameter set at equal spacings. Based on turbulence measurements
in laboratory flumes with simulated vegetation, the turbulence structure of flow over the rigid vegetation-
covered bed was investigated. Assuming similar Reynolds-stress profiles in the vegetation layer, the
velocity profiles above and in the vegetation layer are described.

INTRODUCTION

Recent changes in approaches to river management require improvements in the hydraulics of
flows with vegetation (see review paper by Tsujimoto (15)). One of the basic aspects is the turbulence
characteristics of uniform flow over vegetabel covered beds, and this would provide information of
velocity profiles, resistance law, and sediment transport. Previously, not the detail of turbulent structure
but the Resistance law rather than details of turbulence structure has been used in investigations with
classical approaches (Shen (12), Kouwen & Unny (5, 6, 7), Fukuoka & Fujita (3) and others).
However, environmental aspects will need to be studied and with this more basic turbulence
characteristics will contribute to the research.

The interactions between flow and vegetation differ for different species of water plants. When
the vegetation layer over a bed is thin and the flow in the vegetation is negligible, the bed may be treated
as arough bed. But, when the vegetation layer is thicker and the flow inside the vegetation cannot be
neglected, the interaction between the faster flow over the vegetation and the slower flow inside the
vegetation must play an important role in the turbulence. This thicker vegetation case was investigated in
this study. Three types of plants can be distinguished: (i) rigid plants; (ii) deformable (flexible) plants;
and (iii) plants trailing along the bed. The investigation here is limited to (i).

The turbulence of air flow above and inside vegetation layers have been studied as "canopy flow"
in meteorology and agricultural engineering (see the review paper by Thom & Raupach (14)), but little
research has been reported for water flows except the pioneering work by Hino & Utahara (4) and work
by Murota & Fukuhara (8, 9, 10) of turbulent flows with flexible plants ((ii) and (iii)).
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In the study here, the vegetation is simulated by a group of cylinders of the same height and
diameter set at equal spacings, and the turbulence characteristics of steady uniform flow over such a bed
are investigated experimentally in a laboratory flume. Based on the experimental data, the classical
turbulence model (mixing-length model) is modified by focussing on the interaction between the flows
over and in the cylinders to describe the velocity profile from the flume bed to the water surface.

EXPERIMENTS OF FLOW OVER RIGID VEGETATION-COVERED BED

The flume experiments investigating turbulence characteristics of uniform flow over a rigid
vegetation-covered bed have been conducted at Kanazawa (Series A) and Kyoto Universities (Series R)
(Nakagawa et al. (11), Shimizu et al. (13), Tsujimoto & Kitamura (16)). The turbulent velocity was
measured by a micro-propeller current-meter in Series A and by a hot-film anemometer in Series R.

The rigid (undeformable) cylinders of equal height (K) and diameter (D) were placed at equal
spacings in a square pattern on smooth flume beds (see Table 1). The geometrical properties of a
vegetation-layer model determine the characteristic velocity (is) in uniform flow when the flow depth is
smaller than the vegetation height (H<K; H=flow depth measured from the bed to the free surface) and
friction is negligible. ‘

us =\ 2¢I/(CpA) m

where p=mass density of fluid; g=gravity acceleration, I=energy slope; Cp=drag coefficient; A=

D/s?=projected area of vegetation per unit volume of water in the flow direction. In this study, A is so
small that the net and the apparent velocities of flow in the vegetation layer can be considered equal.
When H>K, and K sufficiently large, the velocity in the vegetation layer approximates this velocity far
from the interface.

Table 1 Model vegetation in the flume experiments

Series D {(cm) K {cm) s(em) A=D/sZ (cm'l)  equipped at

0.10 .

R 4.1 0 0.10 Kyoto University
A 0.15 4.6 0

1.
2, 0.0375 Kanazawa University

Table 2 Experimental conditions

RUN H(ecm)  h(em) J(10°3) us (cmfs) uwy (cm/s) U (emfs) WK  ip(10°3)

R21 636 226 0.96 245 1.46 6.52 0.55 0.66
R23 883 473 098 291 212 10.84 1.15 0.90
R25 1054 644 115 320 2.69 14.68 1.57 0.99
R33 842 432 201 4.07 2.92 16.25 1.05 2.01
R34 941 531 183 4.11 3.0 18.19 1.30 1.83
R35 1061 651 176 4.28 335 19.89 1.59 1.76
R41 6.59 239 470 5.51 3.32 14.52 0.58 2.33
R43 847 437 428 596 4.28 20.09 1.07 3.04
R60 3.77 - 3.20 3.44 - 1048 = 3.20
All 9.50 491 1.06 3.14 2.26 13.25 1.07 1.00
Al2 749 290 142 3.23 201 11.72 0.63 00
Al4 3.00 - 100 1.71 - 5.66 - 1.00
A3l 936 477 260 4.88 348 19.59 1.04 3.00
A32 735 276 372 5.18 3.17 17.94 0.60 3.00
A34 3.07 - 3.00 3.00 - 10.38 - 3.00
A37 568 109 316 4.19 1.83 12.35 0.24 3.00
ATl 895 436 886 8.82 6.15 33.05 0.95 7.00

AT2 7.27 268 8.359 7.82 4.74 26.69 0.58 7:00
A4 3.94 - 7.00 5.20 - 16.66 - 7.00
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The experimental conditions are summarized in Table 2: h=H-K; ux=V\ To/p; us=N ulp;

Ty=pgHI=bed shear stress; T=pghl; I=energy gradient; i=bed slope; p=density of water; and U=depth
averaged velocity. o

EXPERIMENTAL RESULTS

Outline of the Results:

Some examples of profiles of velocities (1, measured at the center of 4 model plants), turbulence
(#';ms)» and the Reynolds stress (-u'v') are shown in Figs.1~3, where y is the vertical distance from the
interface between the surface-flow region and the vegetation layer, and the broken line indicates the
interface.

When the depth is smaller than the vegetation height (H<K), there is a uniform velocity in the
vegetation layer and the Reynolds stress is zero. The turbulence intensity is not zero but very small.
When the depth is larger than the vegetation height (H>K), there is turbulent shear flow even in the
vegetation layer suggesting an active momentum exchange there; the peak of the Reynolds stress is at the
interface between the vegetation layer and the surface-flow region indicating that the flow is
characterized by the shear at this level.

Figures 4 and 5 suggest the following approximations to the distributiohs of Reynolds stress and
velocity in the vegetation layer (-K<y<0).

R(Y) = TeXpay (-K<y<0) @
-ty = PPy (K<y<0) )

with Tp=Reynolds stress; tx=Reynolds stress at y=0 (tx=pghl; h=H-K=surface flow thickness); &,
PB=constants; and u=velocity at y=0.

With a shear flow region in the vegetation layer, the force balance on a unit volume of water is
written as:
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Fig.1 Velocity distribution above and inside vegetation layer
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This equation implies that, when u(y) or Tg(y) is known, the other can be deduced. Mathematically,
however, exponential solutions of Tg(y) and u(y) cannot be deduced simultaneously from Eq.4, if one

of 7r(y) and u(y) is assumed exponential; the other is not exponential but can be approximated by an
exponential function.

The Reynolds-stress distribution in the surface-flow region peaks at the interface (see Fig.3) and

(O<y<h)

w®0) =a(1-3) s)

" with A=H-K. Then, the log-law is expected to remain valid in the surface-flow region.

Correction of Errors in Data of Energy Gradient:

In general, it is difficult to obtain accurate data of the energy slope in experiments. With the
experimental characteristics above, data of the energy gradient can be properly corrected.
The accuracy of the measured velocity-profile is high, and Eq.3 may be adapted to the measured

profile to determine f§ empirically, and, Eq.5 leads to the following distribution of Reynolds stress in the
vegetation layer: : .

R(Y) = -pgl(y-yo)+ %ﬁiﬁ p%g& (exp2y - exp2yo)

+ -——————*”S(u;'uS) pC_TDl (expBy - expPyo) + p(’;Dl us2(y-y0)

Integrating Eq.5 to obtain Eq.6, the boundary condition has been assumed as : 7r=0 at y=yo where yg is

the height at which the velocity given by Eq.3 equals us+0.1(u-us) (yo=-4.6/8). The Reynolds stress
produced by the shear of the bottom is neglected in Eq.5. At the bottom,

(-K<y<0) ©

R(-0) = 2L rp(40) - Lk PEOA (1 expapyo)
H-K 2 B 2

) us(u;—us) ,DCZDA (1 - exp ﬁyo) i p(;Dl'L U0

This calculation often shows a discontinuity of Reynolds stress at y=0, 7r(-0) does not equal
Tr(+0)=pghl with I as the measured energy slope. This discontinuity is mainly caused by errors in the
measurement of . Adjustment to the value of [ brings changes to the values of us and successively that

of 8, Eq.6 leads to a revised Reynolds-stress distribution in the vegetation layer. This was repeated to
minimize the discontinuity of the Reynolds stress at y=0, and the most reliable value of I was obtained.
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Fig.6 Reynolds-stress distribution for verification of energy-slope correction method



18

The correction procedure was tested with the data of Series R where the Reynolds-stress
distribution was measured, and as shown in Fig.6, the calculated Reynolds-stress distribution is
consistent with the measured one. Next, the procedure was applied to predict the Reynolds stress
distribution in the vegetation layer from the measured velocity distribution when the Reynolds stress is
not measured. Fig.7 shows the Reynolds-stress distribution predicted for Series A, and Fig.8 shows
that the calculated Reynolds stress based on the assumption of Eq.3 is well approximated by an
exponential function, though the calculated Reynolds-stress is smaller than the exponential
approximation very deep in the vegetation layer.

The experimental conditions in Table 2 were corrected with this procedure.
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Fig.8 Comparison between Reynolds-stress distribution estimated from exponential velocity profile and
exponential expression of Reynolds-stress distribution

Relations among Parameters to Determine Turbulent Structure:

The @, 3, and uy values obtained experimentally are shown in Figs.9 and 10. The plots of oVsK
and BVsK against hl/K scatter less than those of as and ffs. As o and f3 are reciprocals of length, they
should be made dimensionless by the longitudinal and vertical lengths, s and K. The values of aVsK
and BysK are similar and decrease slightly with AI/K. The uy value is made dimensionless by the .

velocities, s and usk, and (ug-ts)/\[ Ususx are plotted against /K with u*kE\J T/p. Fig.10 suggests
that (uk-us)/\/usu*k increases with /K and becomes nearly constant for larger values of /K.

Plots of o/sK, BVsK, and (uy-us)/\[usixi against hI/K or h/K are shown in Figs.9 and 10 where
the corrected value of [ is used (also in uxy), they scatter less than the plots against hi/K or i/K where

the value of I has been only poorly approximated by iy, (see Figs.11 and 12), and it supports the validity
of the correction.
‘When both Eqgs. 2 and 3 are valid, the distribution of mixing length in the vegetation layer is:

Usk

S L 7-B)]

Iy) = (-K<y<0)

®
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This suggests that the mixing length increases with distance from the interface between vegetation and

surface-flow as a<2f} (see Fig.9), and this is experimentally confirmed in Fig.13. The data of the
mixing length were obtained by spline-fitting of the measured profiles of velocity and Reynolds stress.
This implies that the flow in the vegetation layer is subject to shear at the interface with the free-surface
flow.

At the interface (y=0), Eq.8 gives the following non-zero mixing length:

Uk
Blusc-us)

The non-zero mixing length at y=0 also affects the distribution of mixing length of free-surface
flow. The mixing length of the free-surface flow reversely calculated from the measured velocity and
Reynolds-stress distribution after spline fitting has a non-zero value at y=0 as shown in Fig.14 and it
increases with the distance.

lh=10) = €]

ANALYTICAL MODELLING OF TURBULENT STRUCTURE OF FLOW
ABOVE AND INSIDE THE VEGETATION LAYER

Flow inside Vegetation Layer:

The Reynolds-stress in the vegetation layer is brought about by differences in the velocities
between the faster surface flow and the slower flow in the vegetation. Mixing of momentum between
the two layers may be caused by pressure fluctuations as pointed out by Chu & Gelhar (2) for seepage
flow in highly permeable porous layers accompanying free-surface flow. The analytical results of Chu
& Gelhar (2) suggests an exponential form of the Reynolds-stress profile induced in the vegetation
layer. This allows Eq.3 rather than Eq.2 to be considered, suggesting that the parameter o must be

determined. The interaction mechanism has not been analyzed, and the relation between atVsK and hl/K
obtained by the experiments (Fig.9) can be empirically formulated as (see Fig.15):
osK = -0.32 -0.85+log(%0) a0)

Here hi/K is effective only when o is positive. The constants in the formula were determined by a least-
squares method.
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Fig.15 Relation between o sKand hi/K

Assuming Eq.2, Eq.5 leads to the following velocity distribution in the vegetation layer.

u
u(y) = ug ’\/ 1+ EZ%L(-E—}S Zexpay =g \/ 1+otheexpoy 1y
D 3
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Here Eq.1 and us=vghl have been substituted to obtain the final equation. The velocity at the interface
between the surface-flow region and the vegetation layer, uy, is written as:

u = u(0) = u, \ 1+ah (12)

The values of uy, calculated by Eq.12, are compared with the measured data in Fig.16(a), and this
demonstrates that Eq.12 predicts uy adequately. The relation between uy/us and hl/K deduced from
Eq.12 with Eq.10 is depicted with the data in Fig.16(b), where 1=h/NsK. ;

The velocity profile calculated by Eq.10 can be approximated by an exponential function as shown
in Fig.17. The exponential approximation is poor far from the interface. The solid curve in each figure
represents Eq.11, while the chained curve is an exponential approximation obtained from the data by the
least-squares method and the broken curve is an exponential function with gradient equal to the one
given by Eq.11 at y=0. The parameter f3 of the third expression is determined by equating the velocity

gradient at y=0 of Eq.11 with that of Eq.3. This gives the relation between Band aas:
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Fig.17 Velocity distribution in vegetation layer
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Equation 13 suggests: f=a/2 if uy>>u;, while f=a if uy=u;. If Eq.10 is adopted for the relation
between o/sK and AI/K, the relation between BVSK and hl/K are calculated with the parameter 1=h/\5K
as shown in Fig.18 with the data. This figure demonstrates that the method here predicts the velocity

distribution in the vegetation layer or the parameter to represent it, 3.
Since uy is evaluated by Eq.12, Eq.9 determines the mixing length at y=0 (Ip) . This evaluation of

lp is supported by Fig.19. In Fig.19, Iy is made dimensionless as lo/\ CpAk3 and is plotted against
hI/K, where the calculated curves are based on Egs.8, 12, and 13.
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Fig.18 ﬁ\/sK vs hilK Fig.18 Evaluation of mixing length at the interface

Flow above the Vegetation Layer:

In the surface-flow region (O<y<h), the Reynolds-stress distribution is little affected by the
vegetation, as in Eq.5. Assuming the mixing-length model, the velocity gradient in the surface-flow
region is:

du Wk
= -2 (O<y<h) (14)

The condition for the velocity gradient at y=0 is I(+0)=ly, and the right-hand side is given by Eq.8.
When the bed is not covered by vegetation, S0 and lp=0. The distribution of mixing lengths for an

open channel flow is often conveniently assumed as l*=m7’\/t-7; (P*=lfh; xk=Kdrmén constant; 7=y/h).
For a surface flow over vegetation, it would be modified to:

Fig.20 Velocity distribution above vegetation
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pe(np = (il )N 1o O<11<1) (15)

Christensen (1) also assumed a non-zero mixing length at the top of the vegetation without discussing its
determination. The velocity profile in the surface-flow region over the vegetation layer then becomes:

L1/) B O <) S TR S SV 2% LS
u*k-Kln[ I +1]+u*k ..Km[ 5 ]+u*k (0<n<1) (16)

in which &lp*/x, & inay be termed the "shift of the theoretical wall” of the log-law, and & or [p* is

given as a function of 8 and uy (they are expressed as functions of o by Egs.13 and 12, respectively).
Fig.20 demonstrates that the experimental profiles are well explained by Eq. 16 with Egs.12 and 13.

CONCLUSIONS

The results obtained in this investigation are summarized as follows:

(1) The turbulence characteristics of uniform flow in a vegetation-covered channel were
investigated with vertical cylinders of the same diameter and height as simulated vegetation in the open
channel bed. The turbulence characteristics in the free-surface flow region are little affected by the
vegetation layer, while, the flow in the vegetation layer is strongly affected by faster surface flows.

(2) The effects may be summarized by noting the appearance of turbulent shear flows even in'the
vegetation layer. The profiles of the induced velocity and Reynolds-stress in the vegetation layer are

roughly approximated by exponential functions, with parameters ¢ and B, representing the turbulent

flow structure in the vegetation layer with uy the velocity at the interface. The B and uy values also
determine the boundary conditions for the velocity and velocity gradient at the interface between the
vegetation and the surface-flow region.

(3) With the induced velocity profile in the vegetation layer approximated by an exponential
function, a method to correct the energy slope, which is difficult to determine experimentally, is
proposed. This correction results in a reduction in the scatter of the data, showing the relations among

@, BB, ux, and the shear intensity of the surface flow at the top of the vegetation.
(4) An analytical model describing the turbulence structure in the vegetation layer, which leads to

the relations among ¢, 3, and u, was derived by assuming that the induced Reynolds-stress distributes

exponentially in the vegetation layer. Thus, with ¢, a parameter of exponential distribution of induced
Reynolds-stress, predicted with the hydraulic conditions and the properties of the vegetation, the flow
structure in the vegetation layer and in the surface-flow region can be described analytically.
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APPENDIX - NOTATION
The following symbols are used in this paper:

Cp = drag coefficient of model-plants;
D = diameter of model-plants;
g = gravity;
h = water depthabove the vegetation (H-K);
H =depth (from bottom to surface);
I = energy gradient;
iy = bed slope;
K = vegetation height;
1,1 = mixing length and value at y=0;
I* =l/h = dimensionless mixing length;
= distance between individual plants;
u = local velocity;
U =depth averaged velocity;
y = vertical distance from the top of the vegetation layer;
Yo = height where the Reynolds stress becomes zero in the vegetation layer;
U = velocity at the interface between vegetation and surface-flow region;
Us = characteristic velocity of flow in vegetation layer given by Eq.1;
Uk = gHI = \/:0/; = shear velocity; ‘

Uskk =ghl = u/p;
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o, B = reciprocals of length for velocity and Reynolds-stress profiles in vegetation
layer;

14 =hAsK;

o = Ip*/15

K = K4rmén constant;

A = D/s? = projected area of vegetation to the flow per unit volume of water;

10 = bed shear stress (=pgHI);

T = Reynolds stress at the top of vegetation;

TR = Reynolds stress; and

n = y/h.
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