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ABSTRACT

It is very important in river environment and hydraulic engineering to study the
hydrodynamics of vegetated canopy open-channel flows. The velocity profiles within canopy
layer are varied largely in the vertical direction due to the drag effect of vegetation. The
momentum and energy are transported to turbulence from mean flow, and consequently,
coherent organized motion is generated due to the K-H instability. In these vegetated flows,
the submergence depth, i.e., the ratio of the water depth to the vegetation height, may
dominate the turbulence structure significantly. In order to reveal such an effect of
submergence depth, PIV measurements were conducted in vegetated open-channel flows by
changing the submergence depth in a wide range. As the results, mean-flow properties,
turbulence structure and coherent motions were revealed and discussed in detail.
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1. INTRODUCTION

A large amount of aquatic plants in actual rivers influence the mean-flow property and
turbulence structure significantly. In submerged canopy open-channel flows, an additional
drag force due to vegetation reduces the time-averaged mean velocity within the canopy. The
velocity difference at the tip of canopies produces a strong shear layer, which generates
coherent eddies and organized motion, e.g., sweeps and ejections. As these coherent motions
have significant relation with an enhancement of mass and momentum exchanges between the
vegetated and the non-vegetated zones, a lot of researchers these have studied these topics
intensively.

As an earlier study, Raupach &Thom (1986) have measured turbulence structure
within plant model canopies by using hot-wire anemometers. They found that the turbulent
diffusion in the turbulent energy budget is a major energy loss near the top of the canopy and
that the wake production is greater than the shear production within the plant layer. Dwyer et
al.(2004) have calculated the turbulence kinetic energy (TKE) budget by using a large eddy
simulation (LES) and showed the relation between the vegetation elements and the energy
transport. Nepf & Vivoni (2000) have conducted ADV measurements in vegetated open-
channel flows by changing the submergence depth H/h, and compared the submerged
vegetated flow with the emergent one. They classified the within-canopy layer into two
regions. One is the lower canopy layer, called the ‘longitudinal exchange zone’ and the
other is the upper canopy layer, called the ‘vertical exchange zone’. Poggi et al.(2004) have
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Fig.1 shows the experimental setup
and the coordinate system. The Fig.2 Allocation pattern of vegetation (top view)
experiments were conducted in a 10m long
and 40cm wide glass-made flume. The elements of vegetation model were composed of non-
flexible strip plates. These vegetation elements were attached vertically on the flume bed. The
size of this element is #=50mm height, 8mm width and 1mm thickness. H is the water depth
and / is the vegetation height. B =2.4cm and L, =2.4cm are the neighbouring vegetation
spacings in the spanwise and streamwise directions, respectively, as shown in Fig.2. That is to
say, the allocation of vegetation is a square pattern of 24mmx24mm x, yand z are the
streamwise, vertical and spanwise coordinates. The vertical origin, y =0, is chosen as the
channel bed. The time-averaged velocity components in each direction are defined as U, V'

and W, and the turbulent fluctuations are u, v and w, respectively.

In order to measure two-component instantaneous velocities, i.e., u(¢)=U +u(t) and
v(t)=V +v(t), within and above the canopy, a laser light sheet (LLS) was projected into the
water column vertically from the free surface. The 2mm thick LLS was generated by 2W
Argon-ion laser using a cylindrical lens. The illumination position of LLS were located at
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about 7m downstream from the channel entrance. The illuminated flow pictures were taken by
a high-speed CMOS camera (1000x 1000pixels) with 500Hz frame-rate and 60s sampling
time. The instantaneous velocity components (u, V) on the x-y plane were calculated by the
PIV algorithm for the whole depth region.

Table 1 shows the hydraulic condition. Seven kinds of experiments were conducted by
changing the submergence depth, i.e., H/h=1.0,1.25, 1.5, 2.0, 2.5, 3.0, and 4.0. The bulk
mean velocity was constant for all cases, i.e., U,, =10 cm/s. a=) 4,/(Sh) is the vegetation
density. 4, is the frontal area of the vegetation models and S is the referred bed area.

3. RESULTS

3.1 Mean-Flow Profiles and Reynolds Stress Distribution

Fig.3 shows the vertical profiles of streamwise velocity U (y)for all submergence
depth. The velocity at the vegetation tip,U, =U (h) An inflection point appears significantly
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more significantly as submergence depth increases.

1.5)//}Z

he values of U are normalized by the
velocity near the canopy edge y/A=1. This
iIs common tendency in all cases,
irrespective of the submergence depth. In
Fig.3, hy,, is the lower limit position of

“log-law zone”, in which the mean
velocity obeys log-law of roughness
boundary layers.

Fig.4 shows the Reynolds stress
distribution for emergent case (H/h=1.0)
and submerged case (H/h=3.0). For
submerged canopies, the Reynolds stress
has a peak value near the vegetation edge,
and decreases toward the free surface and
the channel bed. In contrast, for emergent

canopy, the values of —uv are very
small in comparison with the submerged
cases. This means that the vertical
transport of momentum is negligibly small
in emergent vegetation.

Fig.5 compares the vertical

distribution of the normalized Reynolds
stress —wuv/U? normalized by the
friction velocity U. . The values of

U.was evaluated from the peak value of

—uv. It was clearly found that the values

of —uv increase with an increase of the
submergence depth H/h. This reveals that
the downward momentum transfer toward
the within-canopy of y < #, is promoted

Nepf & Vivoni (2000) defined a penetration height of momentum transfer, 7, as

the elevation of 10% of the maximum Reynolds stress. They evaluated the penetration of
momentum into the canopy layer by #,. Fig.6 shows the relations between #,and H/h,

which includes the data of Nepf & Vivoni (2000) & Wilson et al(2003). It is found that the
value of £ ,decreases rapidly, and becomes almost constant for H/h>2. This tendency agrees

with the results of Nepf & Vivoni (2000) and Wilson et al(2003). The value of %, is smaller

in the present rigid vegetation than in the flexible ones in a wide range of the submergence
depth. This may be because the oscillations of vegetation elements reduce the penetration of

momentum into the canopy layer.

3.2 Quadrant Analysis

The quadrant analysis was conducted for the instantaneous Reynolds stress — u(t)v(z).

The quadrant Reynolds stress RS, is defined as follows:
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Fig. 8 Generation rate of turbulence energy
3.3 Generation Rate of Turbulence

Generation of turbulent energy is shown in Fig.8 for emergent canopy (H/h=1.0) and

submerged canopy (//h=3.0). The shear generation , G, is defined as:

G, = Y )
: Y

In contrast, the wake generation G, due to vegetation wakes, was estimated as the work by

the vegetation drag in the same way as Nepf & Vivoni (2000)
1

G, =ECDaU3 (3)
in which C,is the drag coefficient. The results are normalized by U. and h. For the
emergent canopy, the wake generation G, is much larger than the shear generation G, as

clearly seen in Fig.8 (a). This indicates that the small-scale wake turbulence is generated
significantly behind vegetation stems in emergent vegetation.
In contrast, the shear generation G, becomes more important source of turbulent

energy in the mixing layer and log-law zones in the submerged flow (H/h=3.0), as seen in
Fig.8 (b). G, iscomparable with G, within the canopy.
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(correspond to Fig.9)
3.4 Visualization of Coherent Motion

Fig.9 shows some examples of the contours of instantaneous Reynolds stress —uv at
t=0.0, 0.36 and 0.96 seconds for H/A=3.0. Fig.10 shows the time series of instantaneous
velocity vectors, which corresponds to Fig.9. The contour of streamwise velocity
fluctuations u(x, v, t)is also depicted by rainbow in Fig.10.

In Fig.9, at ¢ =0s, some large positive regions of —uv are observed locally above
the vegetation edge and are indicated by dashed circle. It is found in Fig.10 that the ejection
motion (dashed circle “A”) appears over the vegetation edge, and that the low-speed fluid
parcel is transported toward the free surface. At ¢ =0.36s, the sweep motion (dashed circle
“B”), which is downward vectors of high-speed fluid parcel, is observed in the upstream side.
At t=0.96s, the ejections and sweeps are convected downstream. These results suggest that
the local distributions of large Reynolds stress correspond well to these coherent structures. It
was found from all digital pictures that the sweeps and ejections appear alternatively and
periodically.

Fig.11 shows the relation between the submergence depth and the mean period of
sweeps and ejections, Tgand 7., in which 7,, is the theoretical value of mean period in

pure mixing layer proposed by Ho & Huerre (1984) in the following way.
0

e 4
0.032U @

M



10 ,
T () 1]
! Ejection ° l§C /h —
84 .7
) sl oL, /h
s Tg Y
64
o . 1+4------—- / _ ______________
41 // _
2 0.54
- Pure mixing layer
by Ho & Huerre(1984)
0 . 0

1 1.5 2 2.5 3 4

1 2 3 H/h4 3;]/}1

Fig. 11 Periodicity of coherent motions Fig. 12 Relation between length scale of
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where, U=1/2(U,+U,), and @ is the momentum thickness. U, is the constant velocity of
the low speed zone, and U, is the constant one of the high speed zone. Both of 7¢ and
T are in good agreement with the theoretical value 7,, for all submergence depth. This
suggests that the coherent motion of the submerged canopy flows strongly resembles the
mixing layer.

Same suggestions were also pointed out by lkeda & Kanazawa(1996) and Ghisalberli
& Nepf (2002) for aquatic canopy flows.

3.5 Length Scale of Coherent Eddy

A length scale of coherent eddy at the vegetation edge ()/h=1.0) can be evaluated from
PIV data, as follows:

I EJ‘“”(’“O:J’OJO)’/(XO+xay09to)dx (5)
o ”'(xo,J’o)’"(xo+an’0)
L, EJ“’O“(XOJOJO)“(XO’)’O"‘y’fo)dx 6)

0 ”'(XOaJ’o )”v(xmyo + J’)

, in which L and L, are the length scales in the streamwise and vertical directions. Fig.12
shows that L, is larger than L for all cases of submergence depth, and it means that the
oval vortices are generated near the vegetation edge, as has been seen in Fig9. L, and L,
increase with an increase of the submergence depth H/k and become almost constant for
H/h>3.0. These suggest strongly that the development of coherent eddies is more confined by
the existence of free surface in shallower submerged canopy flow.



4 CONCLUSIONS

In the present study, the effects of the submergence depth on turbulence structure
were investigated in vegetated open-channel flows on the basis of PIV measurements.
Consequently, mean-flow properties, turbulence structure and coherent motions were revealed
and discussed. Main findings are as follows:

1) In deeply submerged flow, the vertical penetration of momentum into the canopy is
promoted significantly, large-scale coherent motion.

2) On the basis of the quadrant analysis it was found that in deeply submerged flow the
sweeps dominate the momentum transport in the same manner as roughness open-channel
flow.

3) Sweeps and ejections appear alternatively periodically. The local distributions of large
Reynolds stress are consistent well with these coherent structures.

4) The length scale of the coherent eddies was evaluated from the space correlations. It was
found that the development of coherent eddies is more confined by the existence of free
surface in shallower submerged canopy flows.
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