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ABSTRACT
A two-layer approach for depth-limited open-channel ﬂow with submerged vegetation is described. A momentum balance is applied to each layer and
expressions for the mean velocities are proposed. The velocity is assumed to be uniform in the vegetation layer and logarithmic in the upper layer. The
proposed relationship successfully predicts the mean velocity distribution when compared with the measured data. Using the velocity formula, the layeraveraged mean velocities in the upper layer and over the entire layer are derived. An expression for the roughness coefﬁcient increased by vegetation is
also presented, performing better for the roughness coefﬁcient than other formulas. Another relationship is proposed for predicting the distribution of
suspended sediment in depth-limited ﬂow with submerged vegetation by using an eddy-viscosity proﬁle. The predicted proﬁles moderately agree with
the measured data. Comparisons with simulated data from the Reynolds-averaged Navier –Stokes equations with the k –1 model suggest that these
proposals successfully predict suspended sediment transport in a depth-limited ﬂow with submerged vegetation.

Keywords: Eddy viscosity, open-channel ﬂow, sediment transport, two-layer, vegetation
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vegetation shows an inﬂection point in the mean velocity proﬁle
due to momentum absorption by the vegetation stems, which
triggers the Kelvin–Helmholtz instability. The coherent vortices
at the interface dominate the streamwise momentum and scalar
transfer between the upper and vegetation layers (Gao et al.
1989, Ikeda and Kanazawa 1996, Ghisalberti and Nepf 2002),
making bottom friction much less important than the interfacial
shear due to the stem drag. Incorporating these ﬂow characteristics
into practical river engineering works is nearly impossible, and
this necessitates the development of depth-averaged models or
resistance laws based on bulk ﬂow principles.
Klopstra et al. (1997) proposed analytical expressions for the
velocity distribution. The velocity proﬁle within the vegetation
layer was obtained using the Boussinesq concept, whereas the
logarithmic velocity proﬁle for the upper layer was derived
using Prandtl’s mixing length theory. Darby (1999) examined
previously proposed empirical formulas and described a procedure for computing the friction factor increase by vegetation,
thereby accounting also for the ﬂexibility and vitality of the

Introduction

Vegetation in a watercourse alters the mean and turbulent ﬂow
structures. Such changes in the mean ﬂow and turbulent statistics
affect channel conveyance and the transport characteristics
related to contaminants and sediment. Thus, an understanding
of vegetated ﬂows is essential to better manage ﬂoods and the
ecosystem of the stream.
Nepf and Vivoni (2000) classiﬁed ﬂows with vegetation
essentially into three types, depending on the depth ratio, deﬁned
by H/h1, where H is the total ﬂow depth and h1 is the height of
the vegetation layer. If H/h1 . 5 to 10, terrestrial canopy ﬂow
occurs which is analogous to ﬂow over a rough boundary. If
H/h1 , 1, ﬂow through emergent vegetation results, characterized
by a reduced mean ﬂow velocity with suppressed turbulence. If
the depth ratio has an intermediate value, the ﬂow is classiﬁed
as depth-limited ﬂow with submerged vegetation. Complications
associated with these ﬂow types have been discussed by Nepf
and Ghisalberti (2008): a depth-limited ﬂow with submerged

Revision received 19 April 2010/Open for discussion until 28 February 2011.
ISSN 0022-1686 print/ISSN 1814-2079 online
http://www.informaworld.com
466

Downloaded By: [Choi, Sung-Uk] At: 03:56 9 September 2010

Journal of Hydraulic Research Vol. 48, No. 4 (2010)

Two-layer approach for ﬂows with submerged vegetation

vegetation. Stone and Shen (2002) proposed relationships for the
mean velocities in the vegetation and upper layers. They used
the force balance concept to determine the mean velocity in the
vegetation layer and assumed that the mean velocities over
the entire depth and in the vegetation layer were similar. To determine a parameter relating the two mean velocities, they used
data obtained in laboratory experiments. Huthoff et al. (2007)
presented a similar two-layer approach by applying the force
balance to the vegetation layer, proposing a mean velocity
formula that is identical to that proposed below. They expressed
the mean velocity in the upper layer using the power law asymptotic of the characteristic velocity in the vegetation layer, obtaining
the similarity exponent from the literature data. Huai et al. (2009)
proposed a three-layer approach by further dividing the vegetation
layer into inner and outer layers. However, the contribution of
the inner vegetation layer to the overall ﬂow appears to be small.
The purpose of this study was to develop simple relationships
based on the two-layer approach for ﬂow and sediment transport
in a depth-limited ﬂow with submerged vegetation. The mean
velocity relationships, which are uniform and logarithmic in
the vegetation and upper layers, respectively, are proposed and
tested. Using these, relationships for the mean concentration of
suspended sediment are derived. Comparisons with measured
data and simulation results obtained by solving the Reynoldsaveraged Navier – Stokes (RANS) equations with the k – 1
model reveal that the proposed formulas successfully predict
the mean concentration of suspended sediment.
2
2.1

Two-layer approach
Flow model

For depth-limited open-channel ﬂows with submerged vegetation (Fig. 1), force components such as gravity, bottom
shear, stem drag, and interfacial shear affect the overall ﬂow.
For uniform ﬂow, the gravity and interfacial shear are balanced
by stem drag and bottom shear in the vegetation layer, i.e.

rgh1 S + ti = FD + tb

(1)

where r is the water density, g the gravitational acceleration, S
the slope of channel bottom or energy line, ti the interfacial

Figure 1 Sketch of depth-limited open-channel ﬂows with submerged
vegetation
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shear stress between the vegetation and upper layers, FD the
drag per unit area due to vegetation, and tb the bottom shear
stress. For rigid stems, the height of the vegetation layer is
identical to the vegetation height, while it is the bent height
averaged over time and space for ﬂexible stems (Yang and
Choi 2009). In Eq. (1), the stem drag FD per unit area is given by
1
FD = raCD h1 U12
2

(2)

where CD is the bulk drag coefﬁcient averaged over the vegetation layer, a the vegetation density, and U1 the layer-averaged
velocity in the vegetation layer. The drag coefﬁcient is distributed vertically, depending largely on the vegetation density and
the Reynolds number. Herein, CD ¼ 1.13 from Dunn (1996)
was used, which is valid for both rigid cylinder-type and ﬂexible
ﬁlm-type stems (Yang and Choi 2009). For natural reed with
foliage, larger values of CD were reported, ranging between
1.46 and 3.1 for vegetation densities between 2.05 and 10
(Kouwen et al. 1969, Murota et al. 1984, Tsujimoto and
Kitamura 1990, Tsujimoto et al. 1993, Meijer 1998). A similar
force balance in the upper layer leads to

rg(H − h1 )S = ti

(3)

Note that the interfacial shear stress tends to reduce the mean
velocity by balancing the gravity in the upper layer, whereas it
accelerates the ﬂow in the vegetation layer. For this type of
ﬂow, compared with bottom shear, stem drag is dominant in
the vegetation layer (Nepf and Ghisalberti 2008). Thus, if
bottom shear is ignored, the velocity averaged over the
vegetation layer is obtained from Eq. (1) as

2gHS
U1 =
aCD h1

(4)

which states that the velocity in the vegetation layer depends on
slope, ﬂow depth, and vegetation properties. Speciﬁcally, U1 is
proportional to the square root of the depth ratio and slope and
is inversely proportional to the square root of the vegetation
density and the bulk drag coefﬁcient. In fact, Eq. (4) is identical
to that of Huthoff et al. (2007), but it can be regarded as extended
to ﬂexible stems due to the deﬁnition of the height of the
vegetation layer.
Regarding the mean velocity in the upper layer, previous
studies based on laboratory experiments revealed that the
velocity proﬁle is logarithmic (Lopez and Garcia 1998, Nepf
and Vivoni 2000, Stephan and Gutknecht 2002, Järvelä 2003,
Baptist et al. 2007, Nepf and Ghisalberti 2008). Thus, the
following velocity distribution is assumed in the upper layer
 
u2 (z) 1
z
U1
= · ln
+
k
u∗
u∗
h1

(5)
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where u2(z) is the vertical distribution of mean velocity at the
upper layer, u∗ the interfacial shear velocity atop of the vegetation layer at z ¼ h1, and k (¼ 0.41) the von Karman constant.
Note in Eq. (5) that u2(z ¼ h1) ¼ U1, determining the log-law
constant. Similar to open-channel ﬂows with small relative submergence (Dittrich and Koll 1997) and open-channel ﬂows with
submerged vegetation (Poggi et al. 2004), Yang and Choi (2009)
indicated that Eq. (5) should be modiﬁed for ﬂows with high
vegetation density such as for a . 5.0 m21. Thus, Yang and
Choi (2009) proposed
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u2 (z) u∗ Cu
z
· ln
=
·
+1
U1 k
U1
h1

2.2


gh2 S

(7)

Layer-averaged velocity

Although the logarithmic function approximates the velocity
proﬁle in the upper layer well, information on the layer-averaged
velocities over the upper layer or whole depth is necessary. Integrating Eq. (6) leads to the layer-averaged velocity in the upper
layer

 

Cu · u∗ H
H
·
· ln
− 1 + U1
U2 =
k
h2
h1

(8)

suggesting a dependency on U1, u∗ , and the depth ratio. Equation
(8) also reveals that the velocity difference between the two
layers increases monotonically, i.e. it is large for H/h1 , 10
and becomes relatively uniform for H/h1 . 30.0. Using the
continuity equation, the velocity averaged over the whole
depth can be derived as
  

Cu · u∗
H
h2
−
ln
U = U1 +
h1
k
H

(10)
which is a function of ﬂow depth and vegetation properties. For
ﬂexible stems, the estimation of the bent height is critical when
applying Eq. (10) because it is generally a function of the ﬂexural
stem rigidity and ﬂow intensity (Kouwen and Li 1980, Tsujimoto
et al. 1996, Velasco et al. 2005, Wilson 2007). Various methods
are available for predicting this bent height. Using the experimental data, Wilson (2007) proposed a simple relationship for the bent
height as a function of ﬂow velocity. Kouwen and Li (1980) gave
an empirical relationship in terms of ﬂexural rigidity and ﬂow
intensity. A similar relationship was suggested by Tsujimoto
et al. (1996) by applying the cantilever beam theory to estimate
the bent height. The drag coefﬁcient affects both U and nv. For a
ﬁxed discharge, the roughness coefﬁcient of Eq. (10) increases
with the drag coefﬁcient, decreasing average velocities in both
vegetation and upper layers and velocity averaged over the
entire depth. However, due to the change of the depth ratio,
average velocity and roughness are not so sensitive to CD as
implied by Eqs (4) and (10).

2.4

Suspended sediment transport model

Under steady equilibrium ﬂow condition of suspended sediment,
the vertical distribution of suspended sediment is obtained by
integrating the equation
vs c + Dd

∂c
=0
∂z

(11)

(9)

indicating that U exceeds U1 by the second term on the righthand side of Eq. (9).
2.3


√  
√−1
2· g ·H Cu g ·h2
H
h2 g ·h2
nv =
+
·ln
·H 2/3
− ·
k
H
k
a ·CD ·h1
h1

(6)

with Cu ¼ 1 for a ≤ 5.0 m21 and Cu ¼ 2 for a . 5.0 m21. The
density limit of a ¼ 5 m21 proposed herein can vary signiﬁcantly depending on stem ﬂexibility. For the interfacial shear velocity in Eq. (5), Nepf and Ghisalberti (2008) and Yang and Choi
(2009) proposed with h2 (¼ H 2 h1) ¼ height of upper layer
u∗ =

by vegetation presence. Empirical and quasi-analytical formulas
have been proposed. Darby (1999) and Hoffmann and Meer
(2002) suggested quasi-analytical formulas, whereas Kouwen
and Unny (1973), Thompson and Robertson (1976), Ree and
Crow (1977), and Temple (1982) presented empirical formulas
for the roughness coefﬁcient due to vegetation. Herein, the
following relationship for the vegetative roughness coefﬁcient is
proposed by applying Eq. (9) to Manning’s formula

where c is the mean concentration and ns and Dd the particle fall
velocity and eddy diffusivity of suspended sediment, respectively. To obtain the suspended sediment concentration, the
eddy diffusivity in Eq. (11) is determined ﬁrst. Relying on the
eddy-viscosity concept, the eddy viscosity nt is expressed as

Roughness coefﬁcient due to vegetation

As stated, vegetation in a watercourse increases ﬂow resistance by
adding a drag force. The complexity associated with vegetative
resistance lies in stem ﬂexibility, the deformation of fronds, seasonal vegetation variability, or non-uniformity of vegetation density
(Armanini et al. 2005). Thus, instead of taking all of these factors
into account, a roughness coefﬁcient is preferred that is increased

nt =

−uw
∂u/∂z

(12)

where 2uw is the Reynolds shear stress. Nepf and Ghisalberti
(2008) and Yang and Choi (2009) reported that a linear function,
increasing from zero at the water surface to the maximum at h1,
successfully approximates the Reynolds shear stress of the upper
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layer. This results in a parabolic proﬁle of the eddy viscosity in
the overlying layer. The eddy viscosity, zero at the free
surface, increases parabolically to the maximum at a height
slightly larger than h1 and decreases in a similar manner.
However, in the vegetation layer, the use of Eq. (12) fails to
give the eddy viscosity because of the uniform velocity proﬁle
in the vegetation layer. Herein, a “linear bridge”, connecting
the value at h1 to zero at the bottom, is assumed for the eddy
viscosity, resulting in

nt = z ·



u∗ k H − z
·
Cu
h2
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nt = z ·

u∗ k
Cu

(upper layer)

(vegetation layer)

(13a)

(13b)

If the turbulent Schmidt number is assumed to be unity, i.e.
eddy diffusivity is identical as eddy viscosity, then Eq. (11)
can be integrated using Eqs (13a) and (13b), resulting in the
distribution of suspended sediment in

 ′
c
zb Z H − z h 1 Z
·
=
(upper layer)
(14a)
z
h2
cb
z
c
zb
=
z
cb

Z

(vegetation layer)
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the mean velocity decreases slightly up to z/h1 ¼ 0.7 from the
interface and becomes uniform thereafter. The constant mean
velocity below z/h1 ¼ 0.7 seems to be related to the penetration
depth zone where no vertical transport of momentum is present
for the zero Reynolds shear stress. The ﬁgure also suggests that
the uniform velocity assumption within the vegetation layer is
acceptable and Eq. (4) predicts the mean velocity quite accurately.
Figure 3 shows the vertical distribution of mean velocity in
the upper layer for a , 5.0 m21 and a . 5.0 m21. It can be
seen that the velocity proﬁle predicted by Eq. (6) is in moderate
agreement with the measured data. In comparison with the data
of Ghisalberti and Nepf (2004), the predicted mean velocity
deviates signiﬁcantly from the observations particularly near
the free surface. This is due to the velocity dip caused by the
small width-to-depth ratio of 0.81 used in their experiments.
The mean velocities given by Eqs (4) and (6) are now applied
to Yang and Choi’s (2009) data. Figure 4 shows the velocity proﬁles proposed herein and data reported by Yang and Choi (2009)
for laboratory experiments under a depth-limited open-channel
ﬂow with submerged vegetation. They used both ﬂexible (label
F) and rigid (label R) stems. The depth ratio H/h1 ranged from
2.14 to 3.55 with a ¼ 2.78 m21. The Froude number ranged
between 0.15 and 0.41, and the Reynolds number from 15,700

(14b)

where subscript b denotes “near-bed”. Thus, c(z ¼ zb) ¼ cb,
where zb is normally taken as the height equal to 5% of ﬂow
depth. In Eq. (14), Z ¼ vs/ku∗ ¼ Rouse parameter and Z’ ¼
Zh2/H.
3

Applications and results

3.1

Flow model

Figure 2 shows the vertical distribution of mean velocity in the
vegetation layer. Measured data from Meijer (1998), Wilson
et al. (2003), and Ghisalberti and Nepf (2004) are provided for
comparisons. Note that the measured data collapse moderately:

Figure 2 Vertical distribution of mean velocity in vegetation layer

Figure 3 Vertical distribution of mean velocity in upper layer for (a) a
, 5.0 m21, (b) a . 5.0 m21
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Figure 4 Application of the two-layer model to Yang and Choi’s (2009) experiments for H ¼ (a) 0.055 m, (b) 0.075 m, (c) 0.11 m

to 26,300. Note that the model predicts the velocity moderately
well, regardless of stem ﬂexibility. However, the proﬁles predicted by the two-layer model do not have an inﬂection point
near the vegetation height, whereas the measured data do.
3.2

Layer-averaged velocity

Layer-averaged mean velocity formulas proposed herein by Eqs
(4) and (8) are compared with those developed by Stone and
Shen (2002) and Huthoff et al. (2007). Note that the formula
for U1 from the present study is identical to that proposed by
Huthoff et al. (2007). The data sets of Ikeda and Kanazawa
(1996), Lopez (1997), Meijer and Velzen (1999), Nepf and
Vivoni (2000), Wilson et al. (2003), Ghisalberti and Nepf
(2004), and Yang and Choi (2009) are compared together with
the root-mean-square errors in Fig. 5. In general, the prediction
errors in the vegetation layer are less than 10%, smaller than
those in the upper layer. It can be seen that Eqs (4) and (8)
predict the layer-averaged velocities best, whereas the accuracies
of the other two formulas are similar.
Figure 6 successfully compares the velocity averaged over the
entire layer predicted by Eq. (9) with the data of Baptist et al.
(2007). A total of 177 data sets are considered with 74 for ﬂexible
(Ikeda and Kanazawa 1996, Meijer 1998, Järvelä 2003) and 103
for rigid vegetation (Kouwen et al. 1969, Ree and Crow 1977,
Murota et al. 1984, Tsujimoto and Kitamura 1990, Tsujimoto
et al. 1993, Garcia et al. 2004). Some experiments include vegetation with fronds (Meijer 1998, Järvelä 2003). The depth ratio
lies between 1.25 and 8.07, vegetation density ranges between
0.27 m21 and 33.6 m21, with the vegetation diameter ranging
0.00024 – 0.008 m. The Reynolds and Froude numbers, whose
characteristic length and velocity are ﬂow depth and depth-averaged mean velocity, cover the range from 45,000 to 3,000,000
and from 0.02 to 0.57, respectively. Values of drag coefﬁcients
if stated were used, namely 3.0 in Kouwen et al. (1969), 2.75
in Murota et al. (1984), 1.46 in Tsujimoto and Kitamura
(1990), 2.0 in Tsujimoto et al. (1993), 1.81 in Meijer (1998),
and 1.13 otherwise.

3.3

Roughness coefﬁcients due to vegetation

Figure 7 compares predicted with estimated roughness coefﬁcients. Formulas, including those of Thompson and Robertson
(1976), Darby (1999), Hoffmann and Meer (2002), and Eq.
(10) are considered. The data were taken from Ikeda and Kanazawa (1996), Lopez (1997), Nepf and Vivoni (2000), Wilson
et al. (2003), Ghisalberti and Nepf (2004), Garcia et al. (2004),
Ghisalberti and Nepf (2006), and Yang and Choi (2009). Note
that Eq. (10) and Darby’s (1999) formula slightly over-predict
the roughness coefﬁcient. The accuracy of these two relationships appears to be similar. However, for nv . 0.06, Darby’s
formula results in a slight overestimation. In contrast, Hoffmann
and Meer’s (2002) formula signiﬁcantly overestimates nv, and
Thompson and Robertson (1976) signiﬁcantly under- and overpredict the data. Although none of these formulas account for
stem ﬂexibility, Eq. (10) allows us to consider stem ﬂexibility
if the height of the vegetation layer and the drag coefﬁcient
stems are given for ﬂexible vegetation.
Figure 8 compares measured and estimated roughness coefﬁcients for the data set of Baptist et al. (2007). For nv ≤ 0.07, Eq.
(10) predicts the roughness coefﬁcient appropriately. However,
for nv . 0.07, the equation appears to overestimate the roughness coefﬁcient. The data in this speciﬁc range were taken
from Ree and Crow (1977), Kouwen (1988), and Meijer
(1998) for ﬂexible stems at high vegetation densities and low
depth ratios. Kouwen (1988) attributed the reduced roughness
to a shielding effect: in a ﬂow with a high density of ﬂexible
vegetation, the stem directly behind other stems are shielded
from the ﬂow force with a densely planted group of stems
providing a larger shielding effect when compared to a single
or coarsely planted stems. This effect tends to reduce resistance
for ﬂow with ﬂexible vegetation at high densities.
3.4

Suspended sediment transport model

The relationships for the eddy viscosity given by Eq. (13) are
tested herein. Figure 9 shows its vertical distribution for a

Two-layer approach for ﬂows with submerged vegetation
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Figure 5 Comparison between predicted and measured layer-averaged velocities in (a) vegetation layer and Eq. (4), (b) upper layer and Eq. (8), (c)
vegetation layer and Stone and Shen’s formula, (d) upper layer and Stone and Shen’s formula, (e) upper layer and Huthoff et al.’s formula

, 5.0 m21 and a . 5.0 m21, respectively, based on the laboratory data of Lopez and Garcia (1998) and Yang and Choi (2009),
and numerical simulations using the Reynolds stress model
(Choi and Kang 2004). In general, the eddy viscosity in the
upper layer is larger than that in the vegetation layer, which is
consistent with ﬁndings from ﬁeld observations reported by
Ackerman (2002).
For a , 5.0 m21, both measured data and predicted proﬁle
show a maximum above h1 in the upper layer but Eq. (13a)
appears to slightly over-predict the maximum eddy viscosity.
Similarly, in the vegetation layer, Eq. (13b) slight over-predicts.
However, a general trend observed in the measured data

conforms that in the predicted proﬁle. For a . 5.0 m21, the
eddy viscosity by the Reynolds stress model has a maximum
close to the free surface compared with Eq. (13a). Measured
data reported by Lopez and Garcia (1998), only available for
z/h1 , 2.0, gives a moderate match to the proﬁle obtained
from Eqs. (13) but the match is favourable to the proﬁle simulated by the Reynolds stress model.
The model for suspended sediment transport was applied to
the experimental data reported by Yuuki and Okabe (2002),
who conducted ﬂume experiments with submerged vegetation.
Their ﬂume was 12 m long and 0.4 m wide. Their experiments
employed a ﬁxed ﬂow depth of H ¼ 0.06 m considering Case
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Figure 6 Comparison between predicted and measured average velocities over whole depth
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Figure 8 Comparison between measured and predicted Manning’s
roughness coefﬁcients

Figure 7 Comparison of various formulas for Manning’s roughness
coefﬁcient

1: Q ¼ 0.00545 m3/s, S ¼ 0.001; Case 2: Q ¼ 0.00675 m3/s, S
¼ 0.0015; and Case 3: Q ¼ 0.00765 m3/s, S ¼ 0.002. The
corresponding Rouse parameters are Z ¼ 0.26, 0.21, and 0.18,
respectively. They obtained the equilibrium suspension of
sediment particles by increasing the concentration before deposition occurred and measured the sediment concentration by
the direct suction. They used mimic vegetation consisting of
ﬁve 0.5 mm thick bronze wires bundled with a 5 mm long
aluminium pipe and polyvinyl sediment particles of size Ds ¼
0.1 mm and speciﬁc gravity of 1.42.

Figure 9 Vertical distribution of eddy viscosity for (a) a , 5.0 m21,
(b) a . 5.0 m21

Journal of Hydraulic Research Vol. 48, No. 4 (2010)
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Finally, the concentration proﬁles of suspended sediment
predicted by the two-layer approach are compared with those
obtained by solving the RANS equations using the k–1 model
and the numerical model of Kang and Choi (2005). A submerged
vegetation ﬂow was assumed to have the following ﬂow and
vegetation characteristics: H ¼ 0.3 m, S ¼ 0.0005, h1 ¼ 0.1 m,
and a ¼ 1.0 m21. Figure 11 shows the distribution of
suspended sediment concentration for various Rouse parameters
and depth ratios, respectively. Both proﬁles from Eq. (14) and
numerical simulations are given for comparison. The proﬁle by
the proposed relationships in Fig. 11(a) shows that the sediment
particles become more uniformly distributed as the Rouse parameter decreases, or the particle fall velocity decreases as the interfacial shear velocity increases. This trend is observed in proﬁles
simulated by the k–1 model. A similar conclusion was given by
Lopez and Garcia (1998). However, compared with the simulated
proﬁles, Eq. (14) under- and over-estimates the suspended sediment concentration in the upper and vegetation layers, respectively, as also was observed for Yuuki and Okabe’s (2002) data.
The effect of depth ratio is shown in Fig. 11(b). As the depth
ratio increases, the suspended sediment concentration proﬁle
becomes more uniform over the entire column. This is reasonable
because the increased depth ratio involves a decreased impact of
submerged vegetation on suspended sediment distribution.

Figure 10 Vertical distribution of suspended sediment concentration
for (a) Case 1 (Z ¼ 0.26), (b) Case 2 (Z ¼ 0.21), (c) Case 3 (Z ¼ 0.18)

Figure 11 Comparison of suspended sediment concentration. Effect of
(a) Z for H/h1 ¼ 3.0, (b) depth ratio for Z ¼ 0.26

Downloaded By: [Choi, Sung-Uk] At: 03:56 9 September 2010

Figure 10 shows the vertical distribution of suspended
sediment concentration. Proﬁles predicted by Eq. (14) are
given along with the measured data. Note that the predicted
proﬁles moderately agree with the measured data. Speciﬁcally,
the mean concentration of the upper layer predicted by the
present model is higher than that from the measured data. In
contrast, the mean concentration by Eq. (14b) appears to be
under-predicted in the vegetation layer. This may be attributed
to the assumption of unity turbulent Schmidt number because
the rate of scalar diffusion differs signiﬁcantly from that of
momentum in vegetated ﬂows than in plain open-channel
ﬂows (Kang et al. 2009).

474

Downloaded By: [Choi, Sung-Uk] At: 03:56 9 September 2010

4

W. Yang and S.-U. Choi

Conclusions

A two-layer approach is proposed for depth-limited openchannel ﬂows with submerged vegetation. The ﬂow model
assumes a uniform and a logarithmic velocity distribution in
the vegetation and upper layers, respectively. The momentum
balance was applied to both layers to obtain the velocity
model. Good agreement was obtained if the ﬂow model is
applied to laboratory experiments. Relationships for the velocity
averaged over the upper layer and over the whole layer are also
presented. The proposed relationships predict the velocity best,
suggesting that the ﬂow model is capable of predicting correctly
the conveyance of a vegetated channel.
A model for suspended sediment transport in a ﬂow with submerged vegetation was then presented. In the upper layer, a parabolic distribution of eddy viscosity is proposed with the
maximum slightly above the vegetation layer. A linear distribution of eddy viscosity, decreasing to zero at the bottom, was
assumed in the vegetation layer. Comparisons with measured
data and a simulated proﬁle using the Reynolds stress model
support the validity of this proﬁle. Expressions for the concentration of suspended sediment were then derived. Comparisons
with measured data reveal that the model slightly over- and
under-predicts sediment concentration above and below the
height of the vegetation layer, respectively. Finally, the suspended sediment concentration predicted by the proposed
model was compared with simulation results from the RANS
equations. The model predicts the distribution of suspended sediment moderately well. The model also reproduces the impact of
the Rouse parameter and the depth ratio properly. For practical
purposes, further studies should focus on the drag coefﬁcient
and the bent height of natural vegetation.
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Notations
a
CD
Cu
c
cb
Dd
Ds
FD
g
H
h1

planting density of vegetation
bulk drag coefﬁcient averaged over h1
coefﬁcient for u2(z) in Eq. (6)
mean suspended sediment concentration
near-bed concentration of suspended sediment
eddy diffusivity of suspended sediment
mean diameter of suspended sediment particles
drag force per unit area due to vegetation
gravitational acceleration
total ﬂow depth
height of vegetation layer
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h2
nv
S
U
U1
U2
u∗
u2(z)
−uw
Z
Z′
z
zb
k
ns
nt
r
tb
ti

height of upper layer
Manning’s roughness coefﬁcient
bottom slope
averaged velocity over entire layer
layer-averaged velocity at vegetation layer
layer-averaged velocity at upper layer
interfacial shear velocity atop of vegetation layer
mean velocity at upper layer
Reynolds shear stress
modiﬁed Rouse parameter for vegetation layer
modiﬁed Rouse parameter for upper layer
distance from bottom
reference height for cb
von Karman constant
terminal fall velocity
eddy viscosity
water density
bottom shear stress
interfacial shear stress between vegetation and upper layers
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